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Engineering Service Center
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Mr. Mark Willian

Contract Manager
Subcontractor Reports

Attention:
Preliminary Geotechnical Site Characterization

SFOBB East Span Seismic Safety Project

The geologic and geotechnical studies for the San Francisco-Oakland Bay Bridge (SFOBB)

Dear Mr. Willian:
East Span Seismic Safety Project are being conducted by Fugro-Earth Mechanics (a joint venture of
Fugro West, Inc., and Earth Mechanics, Inc.) under California Department of Transportation
(Caltrans) Contract 59A0053. The third task order for that contract included efforts for "Preliminary
Caltrans' notice to proceed for Task Order No. 3 (to Caltrans

Site Exploration and Testing".
Contract 59A0053) was issued on January 26, 1998.
The Task Order No. 3 work scope included: 1) 14 marine borings, 2) 3 land borings on
Yerba Buena Island, and 3) 3 seismic cone penetration test (CPT) soundings on the Oakland Mole.
The borings include extensive in situ testing, soil sampling, rock coring, and downhole geophysical
logging. Extensive laboratory testing programs were conducted on the soil samples and rock cores

As part of the execution of the preliminary geotechnical site investigations, services were
Report Subject

recovered from the borings.
obtained from several subcontractors who have submitted reports to Fugro-Earth Mechanics
documenting the data they collected. Those reports are reproduced in a set of four volumes that

Borehole Geophysics

include the following subcontractor reports:
Borehole Televiewer Logs

Volume Subcontractor
e Geovision
1
e Welenco, Inc. U
e NORCAL Geophysical Consultants, Inc. e Seismic Surveys - Yerba Buena Island
2 e COLOG, Inc. e BIPS Data - Yerba Buena Island
e Hughes Insitu Engineering, Inc. e Pressuremeter Testing
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Volume Subcontractor Report Subject

e Fugro South, Inc. ¢ Resonant Column and Cyclic Direct Simple Shear Tests
e University of Texas at Austin ¢ Dynamic Properties of Intact Soil Specimens
e Laboratory Rock Testing Program

e GeoTest Unlimited
design of the new bridge to replace the existing SFOBB East Span. Please call if we can answer any

On behalf of the project team, we appreciate the opportunity to contribute to the Caltrans'

Sincerely,

FUGRO WEST, INC.

(on behalf of Fugro-Earth Mechanics, a Joint Venture)
)

(N
\
Lo S

Thoma\s W. McNeilan, C.E., G.E.

Vice President

questions relative to the information presented in the enclosed report.

Mr. Mark Willian, Caltrans (1 + 1 unbound reproducible)

TWM:bki
Attachment
Copies Submitted:
Mr. Reid Buell, Caltrans (2)
Dr. Abbas Abghari, Caltrans (1)

Dr. Brian Maroney, Caltrans (1)
Mr. Ade Akinsanya, Caltrans (1)
Mr. Steve Hulsebus, Caltrans (1)
Mr. Al Ely, T.Y. Li/M&N (1)
Mr. Po Lam, Earth Mechanics (1)
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FUGRO SOUTH, INC.

June 24, 1998
Project No. 98-42-0035

Fugro-Earth Mechanics
7700 Edgewater Drive, Suite 848
Oakland, California 94621

Attention: Mr. Thomas W. McNeilan
Subject:  Dynamic Testing

Dear Mr. McNeilan:

6100 Hillcroft (77081)
P.O. Box 740010
Houston, Texas 77274
Tel : (713) 778-5533
Fax: (713) 778-5544

Dynamic geotechnical testing for the San Francisco-Oakland Bay Bridge (SFOBB) East
Span Replacement was conducted by Fugro South. This data summary report summarizes the
results of resonant column tests and cyclic direct simple shear tests that were performed in our

Houston laboratories in June 1998.

The attached Data Summary Report includes a) a summary of the testing procedures
used; b) tables and plots of results from five resonant column tests, and seven cyclic direct

simple shear tests; and c) a brief discussion of the test results.
Please call if you have any questions.

Sincerely,

FUGRO SOUTH, INC.

Gregg Fiegel, Ph.D.
Project Engineer

/(/M o W
Willard DeGroff

Laboratory Manager
GF/WD:bki

Attachment: Data Summary Report

C:\WINDOWS\TEMP\FUGSOUTH.DOC
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1.0 INTRODUCTION

1.1  Overview of Dynamic Testing

The dynamic properties of six fine-grained soil samples were evaluated at the
geotechnical testing laboratories of Fugro South, Inc., Houston, Texas. The six soil samples,
tested (summarized in Table 1), were retrieved from five borings drilled by Fugro-Earth
Mechanics for the San Francisco-Oakland Bay Bridge (SFOBB) Seismic Safety Project.

The samples were retrieved in thin-walled Shelby tubes [76-mm-OD, 72-mm-ID (3.0-
inch-OD, 2.83-inch-ID) using push sampling techniques. The sample tubes were sealed with end
caps and wax in the field prior to being transported to the laboratory.

Dynamic tests on the six samples were carried-out using resonant column (RC) and
strain-controlled cyclic direct simple shear (CSS) test equipment. The following data summary
report describes the dynamic laboratory testing procedures that were followed during the
investigation and outlines the presentation of the test results. Summaries of test parameters and
results are included within the report, together with the individual test data plots.

The purpose of the dynamic lab testing program was to: (a) determine the small-strain
(low-amplitude) shear modulus, Gmax, and material damping ratio, Dmin, of each soil sample, (b)
study the relationship between normalized shear modulus, G/Gmax, and shear strain, v, and (c)
study the relationship between material damping ratio, D, and shear strain, y. The RC tests were
performed to characterize G and D for relatively small shear strains (<0.1percent). The CSS
tests were performed to characterize G and D for large shear strains (0.1percent to 3percent).

Soil samples from several different San Francisco Bay area geologic units were
examined. A summary of the samples tested is presented on Table 1. As shown in Table 1,
dynamic tests were performed on samples from the Young Bay Mud (with comparatively low
OCRs), from the upper, shallow portion of the Old Bay Mud (with comparatively high OCRs),
and from the deeper section of the Old Bay Mud (with comparatively low OCRs). Five RC tests
and seven CSS tests were performed. In four instances it was possible to perform RC and CSS
tests on soil specimen taken from the same sample tube.

1.2  Laboratory Classification Tests

Classification tests and consolidation tests were performed on the six test specimens
selected for dynamic laboratory testing. Summarized in Table 1 are water content, total unit
weight, liquid limit, plasticity index, overconsolidation ratio (OCR), and void ratio results for
each specimen. The table also provides, for each sample, a USCS classification, a geologic unit
designation, penetration depth, an estimate of the in situ vertical effective stress, the coefficient

1:\WP\1998\98-0030\98-0035\FUGRO.SOUW\S-RPT.624 l
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of lateral earth pressure at rest (K,), the calculated mean effective confining stress (c,'), and a
listing of the dynamic tests performed.

The mean effective confining stresses were computed using the in situ vertical effective
stresses listed in Table 1 and the following relation:

6o = [(1+2Ko)/3] * ove

The values of K, required for the above relation were estimated using the empirical
correlation developed by Mayne and Kulhawy (1982), which relates K, to overconsolidation
ratio. Estimated K, values for the six samples are presented in Table 1.

2.0 RESONANT COLUMN TESTS

2.1  Testing Procedure

The five resonant column tests were performed on solid, cylindrical-shaped, soil
specimens. These tests were numbered 09-7-49, 98-8-37, 98-9-53, 98-9-75, and 98-12-37. The
diameters of the five specimens were approximately 38 mm, 53 mm, 38 mm, 38 mm, and 72
mm, respectively. Corresponding lengths for the five specimens were approximately 76 mm,
108 mm, 76 mm, 76 mm, and 142 mm. As evident, an approximate length to diameter ratio of
2:1 was achieved for all five specimens.

Each test specimen was back-pressure saturated to 138-276 kPa (20-40 psi) and then
isotropically consolidated to three or four successive effective confining pressures (i.e., the tests
were performed in stages). Effective confining pressures (G,') primarily equal to or greater than
the mean effective in situ overburden pressure were used. During consolidation at each effective
confining pressure, the variation of low amplitude or small-strain (<10 percent) shear modulus
(G) and material damping ratio (D) were measured as a function of time. Measurements began
immediately after the confining pressure was applied and were taken at 0.5, 1, 2, 4, 8, 15, 30, 60
minutes, etc. Once primary consolidation was achieved, the G and D measurements were
continued for approximately two log cycles of time. The measurements taken after primary
consolidation were used to estimate the maximum shear modulus, Gax. A sinusoidal waveform
was used to apply torque to the top of the specimen. It is noted that these low-amplitude shear
moduli were calculated from data obtained after the frequency of the soil-oscillator system had
been adjusted to vibrate at the undamped first mode frequency. The values of material damping
were determined using the steady-state, magnification factor method.

During the resonant column tests, shear moduli (G) and material damping ratios (D)
corresponding to moderate- to high-amplitude shear strains (>10™* percent) were also measured
as a function of effective confining pressure. These values were measured during each test stage
once the low-amplitude (small-strain) testing had been completed. The drainage lines were

1:\WP\1998\98-0030\98-0035\FUGRO.SOU\S-RPT.624 2
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closed during this portion of the test. For each test stage, the strain level was increased in small
steps until the measured G value decreased to approximately 80 percent of Gmax At this point,
the moderate- to high-amplitude portion of the test was stopped and the soil specimen was
allowed to drain and re-consolidate. Low-amplitude (small-strain) shear moduli were then
measured. Measurements were taken until the G values approached the G value measured just
before the moderate- to high-amplitude testing began. Failure in regaining this modulus may
have been indicative of specimen degradation.

During the final test stage (i.e., the test stage with the highest effective confining
pressure), moderate- to high-amplitude shear strain measurements of G and D were taken at
incrementally higher strain levels until either the limits of the device were reached or oscillator
instability occurred. G values measured during this final test stage were as small as 50 to 60
percent of Gmax.

2.2 Test Results

The test conditions and results of the resonant column tests are summarized in Table 2a
(Metric) and Table 2b (English), with the individual test data plots presented on Plates A.1
through A.5. The following plots are presented for each resonant column test:

e Low-Amplitude Shear Modulus vs. Time after Initiating Consolidation .. (semi-log)
e Low-Amplitude Material Damping Ratio vs. Time After Initiating

Consolidation .............cc.oooviiiiiiiiiiciicce e (semi-log)
e Maximum Low-Amplitude Shear Modulus vs. Confining Pressure.......... (log-log)
e Shear Modulus vs. Time after Initiating High-Amplitude Sequence......... (linear)
e Shear Modulus vs. Average Shear Strain .................cccccoovviiiiiiiiiiiiinn.n, (semi-log)
e Normalized Shear Modulus vs. Average Shear Strain ............................ (semi-log)
e Material Damping Ratio vs. Average Shear Strain .................................. (semi-log)

The first three plots were obtained for each RC test during the low-amplitude test
sequences. The remaining plots were obtained from the high-amplitude sequences.

2.3 Discussion of Results

As expected, the RC test results show that small-strain (low-amplitude) shear modulus
(Gmax) increases with increasing effective confining pressure. The Gmax values also depend on
the geologic unit from which the sample was taken. Larger values of Gmax Were measured for the
Old Bay Mud samples as compared to the Young Bay Mud samples. In general the Old Bay
Mud samples had comparatively higher in situ effective stresses and higher OCRs. Equations
relating Gmax and o,' are noted in the plots showing Gmax as a function of effective confining
pressure (see Appendix A).

1:\WP\1998\98-0030\98-0035\FUGRO. SOUNS-RPT.624 3
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In contrast, small-strain (low-amplitude) material damping ratios (Dmin) did not appear to
depend greatly on the effective confining pressure. Similar values of Dyin were found for both
the Young and Old Bay Mud samples for all of the confining pressures examined. The Dmin
values for all five samples, which are summarized in Tables 2a and 2b, generally ranged between
2 and 3 percent.

Plots of normalized shear modulus (G/Gmax) and material damping ratio (D) as a function
of shear strain (y) are consistent with results found for other marine clays. The results show
relatively little scatter and indicate that effective confining pressure has a small effect on the
G/Gmax and D relationships. When compared with the Young Bay Mud test results, the Old Bay
Mud samples were found to have higher G/Gmax values and lower D values for higher shear
strain levels (>0.01percent).

3.0 STRAIN-CONTROLLED CYCLIC DIRECT SIMPLE SHEAR TESTS

3.1 Testing Procedure

The seven strain-controlled cyclic direct simple shear (CSS) tests were performed on
small, puck-shaped soil specimens. Each specimen, after being trimmed from a larger sample,
had an approximate height of about 18 mm and an approximate diameter of 65 to 66 mm. The
seven tests were numbered 98-7-49-A, 98-7-49-B, 98-8-37-A, 98-8-37-B, 98-9-53, 98-11-73,
and 98-11-37.

Ideally, the soil specimens were tested with OCRs and effective vertical consolidation
stresses similar to those found in situ. Tables 3a (Metric) and 3b (English) summarize in situ and
laboratory stress information for the seven CSS tests. Noted in the table for each sample are the
test effective vertical consolidation stress and OCR. Stress conditions for samples 98-7-49-B,
98-8-37-B, 98-9-53, 98-11-73, and 98-12-37 were essentially the same as the in situ conditions.
Note that samples 98-8-37-B and 98-12-37 were tested at slightly higher consolidation stresses
but with similar OCRs. As indicated, samples 98-7-49-A and 98-8-37-A were tested under stress
conditions different from those in situ. These samples were both tested in a normally
consolidated condition with lab consolidation stresses higher than the approximated in situ
vertical effective stress.

Soil samples were loaded incrementally during consolidation. During each CSS test, at
least four load increments (stages) were used to achieve the final consolidation stress. At the test
consolidation stress, specimen were allowed to consolidate for about one log cycle of time or
24 hours, whichever was less, past the end of primary consolidation (T, ).

After consolidation, the samples were subjected to sinusoidal cyclic horizontal loads at a
frequency of 1.0 Hz. Constant volume conditions were maintained during the cyclic loading

1:\WP\1998\98-0030\98-0035\FUGRO.SOU\S-RPT.624 4
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portion of the test by locking the vertical loading piston in place. Changes in vertical stress
during cyclic loading were used to evaluate pore-water pressure changes.

Each specimen was subjected to four levels of increasing nominal average cyclic shear
strain, with re-consolidation (i.e., excess pore-water pressure dissipation) accommodated
between each level of straining. Proposed for each CSS test were the nominal average shear
strain levels and number of cycles summarized below. It is noted that the shear strains achieved
during the tests do not always correspond exactly with the proposed strain levels. These
differences stem from equipment control and measurement resolution limitations.

0.1t00.2 30

0.5 30
1.0 30
2.0t03.0 30

3.2 Test Results

The test conditions and results of the strain-controlled cyclic simple shear (CSS) tests are
summarized in Tables 4a (Metric) and 4b (English), with the individual test data plots presented
on Plates B.1 through B.7. The following plots are presented for each CSS test:

e Shear Modulus vs. Average Shear Strain ..............cccoooiiiiiiiiiiiiiis (semi-log)
e Material Damping Ratio vs. Average Shear Strain.....................ccccoooee. (semi-log)
e Shear Modulus vs. Number of Cycles..............ccccoooviiiiiiiiiiiic, (semi-log)
e Material Damping Ratio vs. Number of Cycles...............ccccooviiiiiiiinnnn, (semi-log)
e Decrease in Vertical Stress Ratio vs. Number of Cycles........................... (semi-log)

3.3 Discussion of Test Results

As expected, the CSS test results show that shear moduli (G) and material damping ratios
(D) depend on shear strain (y). G values tend to decrease with increasing y while D values tend
to increase. G-y and D-y relationships show some dependence on effective stress conditions and
OCR. Note that the G and D values included in these relationships are reported for the first
loading cycle (N=1). Also, it is noted that G and D values associated with average shear strains
less than about 0.2percent should be interpreted with some judgment. Measurement difficulties
arise when attempting to run CSS tests at such small shear strains.

Normalized shear modulus values (G/Gmax) Were computed for the CSS test results, as
was done for the RC tests. The required small-strain shear moduli (Gmax) were estimated from

1:\WP\1988\98-0030\98-0035\FUGRO. SOU\S-RPT.624 5
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the Gmax Vs O, relationships presented in Appendix A. The differences in the state of stress in
the CSS test and RC test were accounted for by using the equation for mean effective confining
stress discussed in Section 1.2. Mean effective confining stresses were calculated using the
effective vertical consolidation stresses reported for each CSS test and the K, values presented in
Table 1. Note that this procedure assumes that the coefficient of horizontal stress in the CS test
was equal to the in situ K.

G/Gax values found for the tests where the in situ stresses were accurately modeled (i.e.,
98-7-49-B, 98-8-37-B, 98-9-53, 98-11-73, and 98-12-37) are consistent with the RC test results.
A reasonably good transition exists between the two sets of results. Not surprisingly, the results
for tests 98-7-49-A and 98-8-37-A are not as consistent. The differences are likely due to that
fact that the stress conditions applied in the lab were different from those experienced in situ.
The additional CSS test results help to illustrate the influence of stress history on the G/Gmax
relationships. At higher shear strains, the normally consolidated "A" samples have G/Gmax
values lower than those found for the overconsolidated "B" samples, which is consistent with
comparisons between the Young and Old Bay Mud test results.

For all seven tests, reasonable transitions exist between the CSS and RC test results for
material damping ratio (D). As was the case when examining the G/Gmax relations, poorer
transitions were found for tests 98-7-49-A and 98-8-37-A. The poorer transitions are most likely
due to the fact that, during these tests, the stress conditions applied in the lab were different from
those experienced in situ. For these two tests, the measured material damping ratios were higher
than expected.

Finally, plots of shear modulus (G) versus the number of loading cycles (N) show that
some degradation in shear modulus occurred during the CSS tests. Modulus degradation was
larger for the Young Bay Mud samples than for the Old Bay Mud samples. Overall, the results
appear to be consistent with results reported for other marine clays.

1\WP\1998\98-0030\98-0035\FUGRO.SOW\S-RPT.624 6
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Boring Number 98-7 | 98-8 | 98-8 | 98-9 | 98-9 | 98-11}|98-12| 98-19| 98-20| 98-20
Sample Number 49 37 71 53 75 73 37 34 27 91
Soil Classification (USCS) CH|CH|CH]CH|CL|CH|CH]CH/|CH]| CL
Geologic Unit OBM| YBM | OBM| OBM| OBM | OBM| YBM | YBM | YBM | OBM
Penetration Depth
meters 16.0 1 122|241 379|654 | 629 | 151 11.1] 84 | 704
feet 52.5 | 40.0 | 79.0 | 124.5]214.5| 206.5] 49.5 ] 36.5 | 27.5 | 231.0
Water Content (%) 68 64 57 40 28 50 80 58 50 30
Total Unit Weight
kN/m?® 1571160} 168|178 | 185] 170 | 151 | 16.2 | 16.8 | 189
pcf 100 | 102 | 107 | 113 | 118 | 108 | 96 | 103 | 107 | 120
Liquid Limit (%) 77 65 89 76 43 70 72 75 63 46
Plastic Limit (%) 31 25 36 27 21 29 30 22 27 27
In-situ Effective Vertical Stress, o'\,
kPa 81 67 | 144 | 268 | 570 | 450 | 105 | 53 53 | 532
ksf 1.7 | 14 [ 30 | 56 | 119] 94 | 22 | 1.1 1.1 | 111
Overconsolidation Ratio (OCR) 76 ] 24 | 52 | 3.1 14 | 22 | 09 | 29 | 16 | 2.0
Lateral Earth Pressure Coefficient, K, 14 | 0.8 1.1 09 | 06 0.7 0.5 0.9 06 | 0.7
Test Mean Effective Stress, o',
kPa 101 | 57 | 158 | 249 | 412 | 374 | 67 48 38 | 431
ksf 21112 | 33| 52 | 86| 78] 14 ] 10 08 ] 90
Void Ratio, e 19 117 |15 111 09 ] 14 ] 22| 16| 1.4 ] 0.8
Tests Performed RC | RC| RC| RC | RC RC | RC | RC | RC
CSsS|cCss| Ts | Css CSS|CSs] Ts | TS | TS
Laboratory Fugro| Fugro] UT |Fugro|Fugro| Fugro|Fugro| UT | UT | UT
Notes: 1. YBM = Young Bay Mud; OBM = Oid Bay Mud
2. Lateral earth pressure coefficient at rest, K, ~» 0.5 (OCR)°'5, after Mayne and Kulhawy (1982)
3. Calculated mean effective in-situ overburden stress, o', = [(1+2K,)/3]c",,
4. RC = Resonant Column; TS = Torsional Shear; CSS = Cyclic Simple Shear
SUMMARY OF DYNAMIC TESTING PROGRAM
1998 Marine Borings
SFOBB East Span Seismic Safety Project
iwp199810 gro.soutbh1.624 TABLE 1
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98-7-49 16.0 1 1914 61.5 1.60 | 5.26e-02 | 44.0 1.87
(OBM) 2 382.8 1.56 | 5.56e-02 | 55.0 1.86
3 765.6 1.39 | 7.20e-02 | 96.1 1.83
4 1531.2 38.1 1.00 | 1.35e-01 | 1985 | 1.68
98-8-37 12.2 1 47.8 61.2 1.64 | 2.25e-02 15.7 2.35
(YBM) 2 95.6 1.59 | 2.84e-02 | 219 2.46
3 191.2 1.34 | 3.80e-02 | 47.4 2.23
4 430.6 429 0.87 | 9.68e-02 | 902 2.06
98-9-53 379 1 239.2 40.1 1.09 | 2.63e-02 | 61.6 2.31
(OBM) 2 478.4 1.05 | 3.85e-02 | 79.5 2.60
3 956.8 0.96 | 4.85e-02 | 121.9 | 249
4 1435.2 32.2 0.76 | 1.37e-01 | 1563.1 | 2.78
98-9-75 65.4 1 205.7 30.2 0.78 | 2.69e-02 | 70.8 225
(OBM) 2 416.3 0.77 | 2.34e-02 | 100.7 | 227
3 933.0 0.72 | 3.23e-02 | 147.8 | 2.44
4 1866.0 221 0.63 | 3.82e-02 | 269.9 | 252
98-12-37 15.1 1 38.3 76.0 2.08 | 2.06e-02 10.6 2.18
(YBM) 2 76.6 2.00 | 3.79e-02 16.6 1.69
3 163.1 64.0 1.77 | 2.04e-01 30.4 2.72
4 — — —- — —
Notes: 1. o = Effective confining pressure
2. w = Water content
3. e10 = Void ratio at T1o00
4. Tioo = Time at the end of primary consolidation
5. Ymax = Maximum average shear strain
6. Gmax = Maximum shear modulus at low-amplitude shear strain
7. Dmin = Material damping ratio at low-amplitude shear strain
SUMMARY OF RESONANT COLUMN TEST RESULTS (METRIC)
1998 Marine Borings
SFOBB East Span Seismic Safety Project
1:WP\1998\26-0030\96-0035ugro. soultbl-2a.624 TABLE 2a
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98-7-49 52.5 1 61.5 160 | 5.26e-02 920 1.87
(OBM) 2 1.56 | 5.56e-02 | 1149 1.86
3 16.0 1.39 | 7.20e-02 | 2008 1.83
4 32.0 38.1 1.00 1.35e-01 | 4148 1.68
98-8-37 40.0 1 1.0 61.2 1.64 | 2.25e-02 329 2.35
(YBM) 2 2.0 1.59 | 2.84e-02 458 2.46
3 4.0 1.34 | 3.80e-02 991 2.23
4 9.0 429 0.87 | 9.68e-02 | 1885 2.06
98-9-53 124.5 1 5.0 40.1 1.09 | 2.63e-02 | 1287 2.31
(OBM) 2 10.0 1.05 | 3.85e-02 | 1661 2.60
3 20.0 0.96 | 4.85e-02 | 2547 | 2.49
4 30.0 32.2 0.76 1.37e-01 | 3200 2.78
98-9-75 214.5 1 4.3 30.2 0.78 | 2.69e-02 | 1479 2.25
(OBM) 2 8.7 0.77 | 2.34e-02 | 2104 227
3 19.5 0.72 | 3.23e-02 | 3089 2.44
4 39.0 221 0.63 | 3.82e-02 | 5640 2.52
98-12-37 49.5 1 0.8 76.0 2.08 | 2.06e-02 221 2.18
(YBM) 2 1.6 2.00 | 3.79e-02 346 1.69
3 32 64.0 1.77 | 2.04e-01 636 272
4 — — —_— — —_
Notes: 1. 0, = Effective confining pressure
2. w = Water content
3. eioo = Void ratio at T1o0
4. T1oo = Time at the end of primary consolidation
5. Ymax = Maximum average shear strain
6. Gmax = Maximum shear modulus at low-amplitude shear strain
7. Dmin = Material damping ratio at low-amplitude shear strain

SUMMARY OF RESONANT COLUMN TEST RESULTS (ENGLISH)
1998 Marine Borings
SFOBB East Span Seismic Safety Project
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98-7-49-A 16.0 765.6 765.6 7.6 1.0
(oBM)
98-7-49-B 16.0 81.3 717.7 95.7 7.6 7.5
(OBM)
98-8-37-A 12.2 67.0 215.3 2153 2.4 1.0
(YBM)
98-8-37-B 12.2 67.0 239.2 95.7 2.4 25
(YBM)
98-9-53 37.9 267.9 861.3 263.2 3.1 33
(OBM)
98-11-73 62.9 449.8 909.1 445.0 22 2.0
(OBM)
98-12-37 15.1 105.3 191.4 191.4 0.9 1.0
(YBM)
Notes: 1. ow' = Approximate in situ vertical effective stress
2. Max oy’ = Maximum effective vertical consolidation stress prior to cyclic loading
3. Testow' = Effective vertical consolidation stress during cyclic loading
4. OCR, Insitu = Overconsolidation ratio found from consolidation test results
5. OCR, Lab = (Maxow')/(Test ow')

EFFECTIVE CONSOLIDATION STRESSES FOR THE CSS TESTS (METRIC)

1:\WP\1998\98-0030\98-0035\fugro.soultbl-3a.624
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CR R Lab
- No. (ks) | sitL S
98-7-49-A 1.7 16.0 16.0 7.6 1.0
(OBM)
98-7-49-B 52.5 1.7 15.0 20 7.6 7.5
(OBM)
98-8-37-A 40.0 1.4 45 4.5 24 1.0
(YBM)
98-8-37-B 40.0 1.4 5.0 2.0 2.4 2.5
(YBM)
98-9-53 124.5 56 18.0 55 3.1 3.3
(OBM)
98-11-73 206.5 9.4 19.0 9.3 22 2.0
(OBM)
98-12-37 49.5 22 4.0 4.0 0.9 1.0
(YBM)
Notes: 1. ow’ = Approximate in situ vertical effective stress
2. Max oy’ = Maximum effective vertical consolidation stress prior to cyclic loading
3. Testoy' = Effective vertical consolidation stress during cyclic loading
4. OCR, Insitu = Overconsolidation ratio found from consolidation test resuits
5. OCR, Lab = (Maxow')/(Testow')

EFFECTIVE CONSOLIDATION STRESSES FOR THE CSS TESTS (ENGLISH)
1998 Marine Borings
SFOBB East Span Seismic Safety Project
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98-7-49-A 16.0 764.1 60.4 30 0.202 315 29.5 9.3
(OBM) 763.2 30 0.475 237 21.2 11.6
763.4 30 1.094 16.8 13.6 16.3
762.6 491 30 2.541 9.3 7.0 22.4
98-7-49-B 16.0 94.2 58.9 30 0.204 16.7 14.2 9.0
(OBM) 959 30 0.594 9.9 8.5 12.2
94.5 30 1.268 6.3 54 14.6
94.5 53.1 30 2.592 4.1 33 16.2
98-8-37-A 122 213.8 59.3 30 0.245 11.7 10.6 15.4
(YBM) 214.6 30 0.673 7.2 56 18.6
214.0 30 1.431 4.2 3.1 21.6
212.3 50.1 30 3.029 25 1.5 251
98-8-37-B 12.2 96.7 61.5 30 0.263 9.1 8.1 11.6
(YBM) 96.3 30 0.696 55 4.6 15.0
96.1 30 1.369 3.5 2.8 16.4
94.3 49.8 30 2.881 2.0 1.3 20.0
98-9-53 37.9 261.2 371 30 0.133 33.6 30.8 7.2
(OBM) 263.1 30 0.427 225 19.7 9.4
262.9 30 0.962 15.0 13.3 12.2
262.5 39.2 30 2.136 9.7 5.9 15.3
98-11-73 62.9 443.7 487 30 0.137 34.2 317 7.6
(OBM) 444.5 30 0.464 21.8 18.9 10.1
4455 30 1.059 14.2 12.0 13.1
444.4 455 30 2.244 8.9 7.3 16.9
98-12-37 15.1 189.1 61.5 30 0.222 11.3 10.2 16.9
(YBM) 190.4 30 0.676 6.2 5.0 19.4
188.7 30 1.409 3.7 26 239
190.4 53.9 30 2.975 22 1.2 26.5
Notes: 1. ow' = Effective vertical consolidation stress during cyclic loading
2. w = Water content
3. N = Number of loading cycles
4. Avg. £y = Average shear strain, single amplitude
5. Gn=1 = Shear modulus at N=1
6. Gn=30 = Shear modulus at N=30
7. Dn=t = Material damping ratio at N=1

SUMMARY OF CYCLIC SIMPLE SHEAR TEST RESULTS (METRIC)
1998 Marine Borings
SFOBB East Span Seismic Safety Project

1:\WP\1998\98-0030\98-0035\fugro.souMtb-4a.624
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Final w A
v (%) , ;
98-7-49-A 30 0.202 . . .
(OBM) 30 0.475 4943 | 4429 | 116
30 1.094 3310 | 2848 | 16.3
491 30 2.541 195.0 | 1472 | 224
98-7-49-B 52.5 1.969 58.9 30 0.204 327.4 | 297.6 9.0
(OBM) 2.004 30 0.594 206.4 | 176.8 12.2
1.975 30 1.268 1325 |1 113.0 | 146
1.975 53.1 30 2.592 85.8 68.7 16.2
98-8-37-A 40.0 4.469 59.3 30 0.245 2451 | 2225 | 154
(YBM) 4.486 30 0.673 1499 | 1179 | 186
4.472 30 1.431 87.8 64.8 21.6
4.436 50.1 30 3.029 52.3 30.9 25.1
98-8-37-B 40.0 2.020 61.5 30 0.263 1912 | 169.5 | 11.6
(YBM) 2.013 30 0.696 1146 | 96.3 16.0
2.008 30 1.369 73.8 57.6 16.4
1.970 49.8 30 2.881 41.9 27.7 20.0
98-9-53 124.5 5.460 37.1 30 0.133 702.8 | 644.4 7.2
(OBM) 5.499 30 0.427 470.0 | 412.2 9.4
5.495 30 0.962 313.7 | 277.6 12.2
5.487 39.2 30 2.136 202.6 | 123.2 | 153
98-11-73 206.5 9.274 48.7 30 0.137 715.5 | 663.4 7.6
(OBM) 9.291 30 0.464 456.3 | 3945 | 10.1
9.311 30 1.059 296.3 | 2561.3 | 13.1
9.288 455 30 2.244 1859 | 1529 | 16.9
98-12-37 49.5 3.953 61.5 30 0.222 2356 | 2124 | 16.9
(YBM) 3.979 30 0.676 1289 | 1055 | 194
3.944 30 1.409 77.5 53.9 23.9
3.979 53.9 30 2975 45.8 25.7 26.5
Notes: 1. ov' = Effective vertical consolidation stress during cyclic loading
2. w = Water content
3. N = Number of loading cycles
4. Avg. +y = Average shear strain, single amplitude
5. Gn=1 = Shear modulus at N=1
6. Gn=30 = Shear modulus at N=30
7. Dn=1 = Material damping ratio at N=1

SUMMARY OF CYCLIC SIMPLE SHEAR TEST RESULTS (ENGLISH)

1:\WP\1998\98-0030\98-0035\fugro.soultbi-4b.624
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Effective Confining Pressure (ksf)
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Boring 98-7
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Effective Confining Pressure (ksf)
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1. INTRODUCTION

The dynamic properties of four intact soil samples from the site of the new San Francisco -
Oakland Bay Bridge (termed the new East Bay Bridge herein) were evaluated in the Soil Dynamics
Laboratory at the University of Texas at Austin (UTA). The samples were taken from three
borings in San Francisco Bay by Fugro West, Inc. using a push-tube sampler with a latch-out
assembly. Four sealed Shelby tube sections of intact material were delivered to the Geotechnical
Engineering Center at UTA in early June, 1998. Each Shelby tube section was a thin-walled steel
tube with an outside diameter of 3 in. (7.6 cm), a wall thickness of 1/16 in. (0.16 cm), and a
length of about 6 in. (15.2 cm). The samples were recovered from Boring 98-20 (Sample Nos. 27
and 91), Boring 98-19 (Sample No. 34) and Boring 98-8 (Sample No. 71).

Before dynamic testing, each sample was extruded from the Shelby tube section. The
samples were trimmed into circular, cylindrical specimens with a nominal height of 4 in. (10.2 cm)
and a nominal diameter of 2 in. (5.1 cm). Trimming was quite easy and straightforward.
However, Specimen UTA-10-A from Sample No. 27 was found to contain several thin metal
strips which were each about 3 in. (7.6 cm) long by about 1 in. (2.5 cm) wide. These metal strips
were removed from the periphery of the soil sample during trimming, resulting in an intact
specimen.

All four intact specimens were dynamically tested using combined resonant column and
torsional shear (RCTS) equipment as described in Section 2. Initial properties of these specimens
are given in Table 1. Three of the specimens classify as CH materials and the fourth specimen
classify as a CL material in the Unified Soil Classification System. Grain size distribution curves
of these samples are presented in Figure 1.

This work was performed for a joint venture between Fugro, Inc. and Earth Mechanics,
Inc. The project is termed the East-Span Seismic Safety Project: Phase I - Site Characterization.
The project number is 98 - 420035, and Mr. Tom McNeilan is the contact person at Fugro West,

Inc.
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2. DYNAMIC LABORATORY TESTS
Combined resonant column and torsional shear (RCTS) equipment was used to investigate
the dynamic characteristics of the four intact specimens. This equipment is described in detail in
Appendix A. Verification of the equipment constants is described in Section A.5 of Appendix A.
The dynamic characteristics of concern are the shear modulus, G, and the material damping ratio in
shear, D. These parameters were evaluated to determine the influence of the following variables on
them.
1. Magnitude of the isotropic state of stress, G,".
Five isotropic pressures were used for each specimen which ranged from
below to above the estimated in situ mean effective stress at the sample depth.
2. Time of confinement at each isotropic state of stress, t.
Confinement times at each pressure were at least 1000 minutes for all
specimens.
3. Shearing strain amplitude, .
Strains ranged from the small-strain range, less than about 0.001% for these
fine grained soils, to rather large strain amplitudes, above 0.1%.
4. Number of cycles of loading, N.
Ten cycles of loading were used in the torsional shear (TS) test followed by
about 1000 cycles in the resonant column (RC) test.
5. Excitation frequency, f.
Frequencies ranging from 0.1 Hz to about 5 Hz were used in the TS test
while the frequency associated with resonance in the RC test varied with soil
stiffness and ranged from between 19 Hz and 107 Hz.
6. Stress History.
Nonlinear values of G and D were evaluated at consolidation states in the

normally consolidated and overconsolidated ranges.



2.1. Test Program

Dynamic testing of each soil specimen involved the evaluation of G and D over a range of
isotropic confining pressures. Typically, five isotropic confining pressures were used in a loading
sequence, with the isotropic confining pressure, 6,’, doubled upon completion of the required tests
at the previous pressure. Low-amplitude resonant column testing was performed at each level of
o, to determine the effects of magnitude of confinement and time of confinement on the small-
strain shear modulus, Gmax, and small-strain material damping ratio, Dmin. Low-amplitude
dynamic tests are defined as those tests in which the resonant amplitude did not exceed 0.003%
and was well below that level except for the softest specimens at the lowest confining pressures.

For each laboratory specimen, the range in confining pressures was based on the estimated
in situ mean effective stress, 6,,". The estimated in situ mean effective stress, 6,,", was determined
by assuming the following: 1) the water table exists above the top of the soil deposit, 2) the total
unit weight of the soil was determined by measuring the volume and weight of the trimmed
specimen before testing or by measuring an intact section of the sample after extrusion from the
Shelby tube, and 3) the effective coefficient of earth pressure at rest, K ’, was assumed to be in the
range of 0.5 to 0.75. The resulting values of ,,” for each sample are given in Table 2. Once the
value of ¢,,” was estimated, the range in confining pressures over which G and D would be
evaluated was determined. Isotropic confining pressures which ranged from below to above o,
were selected.

A summary of all confining pressures at which low-amplitude resonant column tests were
performed is given in Table 2. In addition to small-strain testing, high-amplitude tests were also
performed on each specimen at two or more confining pressures, with one pressure typically at the
estimated in situ mean effective stress and another at four times the estimated in situ mean effective
stress. Also, for two of the four specimens, high-amplitude testing was performed at an unloading
pressure which was 0.25 times the maximum pressure in the loading sequence. High-amplitude

testing is defined as any test in which the peak shearing strain exceeds 0.003%. High-amplitude
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testing was composed of two series of tests. The first involved cyclic torsional shear (TS) testing
as illustrated in Figure 2. A complete set of torsional shear tests requires about two hours to
perform at an individual confining pressure. Torsional shear tests were conducted with the
drainage line open, and involved shearing strains, 7, from less than 0.001% to above 0.1%. The
majority of the measurements were performed at 0.5 Hz and are labeled as TS1 in Figure 2.
However, two sets of TS tests at Y = 0.001% and y = 0.01% were conducted to evaluate the
effect of excitation frequency on G and D at these strains. In these tests (denoted as TS2 in Figure
2), ten cycles of loading were applied at about four different frequencies ranging from 0.1 Hz to
about 5 Hz.

After the TS tests were completed, confinement of the sample was continued at the given
confining pressure, and a series of high-amplitude resonant column (RC) tests was performed.
However, before high-amplitude RC testing commenced, small-strain RC tests were performed to
determine if any changes in the soil skeleton had occurred from the TS tests. In all cases,
essentially no changes in Gmax or Dmin from the TS tests were measured.

Once the small-strain datum was re-established after the TS tests, high-amplitude resonant
column testing was conducted to evaluate the influence of strain amplitude on G and D. This series
of tests is illustrated in Figure 3. A complete set of resonant column tests that took about two
hours to perform, was performed with the drainage line open just as in the case of the TS tests, and
typically involved shearing strains from less than 0.001% to about 0.1%, depending on the soil
stiffness. In these tests, about 1000 cycles of loading were required at each strain measurement.

Upon completion of the high-amplitude RC tests, low-amplitude RC tests were again

performed to determine if any changes in the soil skeleton had occurred from the high-amplitude

tests. In some cases, changes occurred. At that point, confinement of the sample at oy' was

continued until Gmpax and Dpip returned to the values before the high-amplitude tests or the

change in values was noted in the next stage of testing.
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y £ = elastic threshold strain; below y¢, G is constant and equal to Gmax

RC (LA) = resonant column test at low-amplitudes (strains < 0.003%)
TS1 = torsional shear test in which 10 cycles are applied at 0.5 Hz.

TS2 = torsional shear test in which 10 cycles are applied at each of approximately 4
frequencies between 0.1 to about 5 Hz.

Figure 2 Testing Procedure Used in the Torsional Shear (TS) Test to Investigate the Effects of
Strain Amplitude, Number of Loading Cycles, and Excitation Frequency on G and D of

Intact Soil Specimens from the East Bay Bridge Site.
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yg = elastic threshold strain; below yf_, G is constant and equal to Gmax

RC (LA) = resonant column test at low-amplitudes (strains < 0.003%)

resonant column test in which about 1000 cycles of loading is applied during each

measurement

RC=

Figure 3 Testing Procedure Used in the Resonant Column (RC) Test to Investigate the Effect of
Strain Amplitude on G and D Intact Soil Specimens from the East Bay Bridge Site.



2.2. Test Results

The results of the RC and TS tests are shown in Appendices B through E for Specimens
UTA-10-A through UTA-10-D (Sample Nos. 27, 34, 71 and 91), respectively. Each appendix
presents all test results from one specimen. As an example, consider the general presentation of
dynamic test results presented in Appendix B. The dynamic tests results are presented as follows:

1. Figure B.1 shows the variation in low-amplitude shear wave velocity with
magnitude and duration of isotropic confining pressure from resonant
column tests

2. Figure B.2 shows the variation in low-amplitude shear modulus with
magnitude and duration of isotropic confining pressure from resonant
column tests

3. Figure B.3 shows the variation in low-amplitude material damping ratio
with magnitude and duration of isotropic confining pressure from
resonant column tests

4. Figure B.4 shows the variation in void ratio with magnitude and duration
of isotropic confining pressure from resonant column tests

5. Figure B.5 shows the variation in low-amplitude shear wave velocity with
effective confining pressure from resonant column tests

6. Figure B.6 shows the variation in low-amplitude shear modulus with
effective confining pressure from resonant column tests

7. Figure B.7 shows the variation in low-amplitude material damping ratio
with effective confining pressure from resonant column tests

8. Figure B.8 shows the variation in void ratio with effective confining
pressure from resonant column tests

9. Figure B.9 shows the comparison of the variation in shear modulus with
shearing strain, stress history and isotropic effective confining pressure
from RCTS tests

10. Figure B.10 shows the comparison of the variation in normalized shear

modulus with shearing strain, stress history and isotropic effective
confining pressure from RCTS tests

11. Figure B.11 shows the comparison of the variation in material damping

ratio with shearing strain, stress history and isotropic effective confining
pressure from RCTS tests

10



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Figure B.12 shows the comparison of the variation in normalized material
damping ratio with shearing strain, stress history and isotropic effective
confining pressure from RCTS tests

Figure B.13 shows the comparison of the variation in shear modulus with
loading frequency, shearing strain, stress history and isotropic effective
confining pressure from RCTS tests

Figure B.14 shows the comparison of the variation in material damping
ratio with loading frequency, shearing strain, stress history and isotropic
effective confining pressure from RCTS tests

Table B.1 shows the variation in low-amplitude shear modulus, low-
amplitude material damping ratio and void ratio with effective isotropic
confining pressure from RC tests

Table B.2 shows the variation in shear modulus, normalized shear
modulus and material damping ratio with shearing strain from RC tests at
an effective confining pressure of 8 psi (1.15 ksf = 55.2 kPa)

Table B.3 shows the variation in shear modulus, normalized shear
modulus and material damping ratio with shearing strain from TS tests at
an effective confining pressure of 8 psi (1.15 ksf = 55.2 kPa)

Table B.4 shows the variation in shear modulus, normalized shear
modulus and material damping ratio with shearing strain from RC tests at
an effective confining pressure of 32 psi (4.61 ksf = 220.9 kPa)

Table B.5 shows the variation in shear modulus, normalized shear
modulus and material damping ratio with shearing strain from TS tests at
an effective confining pressure of 32 psi (4.61 ksf = 220.9 kPa)

Table B.6 shows the variation in shear modulus, normalized shear
modulus and material damping ratio with shearing strain from RC tests at
an effective confining pressure of 8 psi (unloading)

Table B.7 shows the variation in shear modulus, normalized shear

modulus and material damping ratio with shearing strain from TS tests at
an effective confining pressure of 8 psi (unloading)

11



3. DISCUSSION OF RESULTS
3.1. Small-Strain Shear Modulus and Material Damping Ratio

Small-Strain Shear Modulus

The variations of small-strain (low-amplitude) shear modulus, Gmax, with effective
isotropic confining pressure, 6., for the four specimens are presented in a summary form in
Figure 4. Only the values of Gmax measured in the loading series are shown in Figure 4. The
small-strain shear moduli have also been adjusted for void ratio using the F(e) term presented by
Hardin (1978). The Hardin (1978) equation is:

G, * Fle) = A * P x g® (1)

where;
2
F(e) = 0.3 + 0.7¢",
e = void ratio,
o, = effective isotropic confining pressure in the same units as Pj,
Pa equals one atmosphere (2117 psf or 101 kPa), and
A and n are dimensionless constants.

The log Gmax * F(e) - log 6,” relationships are presented in Figure 5. Each void-ratio-
adjusted relationship is fitted with the basic Hardin (1978) equation presented in Equation 1. The
fitted relationships are shown by the solid line in Figures 6 through 9 for Specimens UTA-10-A
through UTA-10-D (Samples Nos. 27, 34, 71 and 91), respectively.

12



Low-Amplitude Shear Modulus, G, MPa
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Low-Amplitude Void-Ratio-Adjusted Shear Modulus, G, x F(e), MPa
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Low-Amplitude Void-Ratio-Adjusted Shear Modulus, G, x F(e), MPa
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Low-Amplitude Void-Ratio-Adjusted Shear Modulus, G, x F(e), MPa
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For all four specimens, comparisons of the measurements with Hardin’s equation show
that these soils exhibit some “memory” of stress history; that is, they show the effect of
overconsolidation. The constants of the best-fit lines calculated by least-squares fitting are
summarized in Table 3. The two shallower specimens UTA-10-A (Sample No. 27) and UTA-10-
B (Sample No. 34) exhibit overconsolidated behavior followed by normally consolidated behavior
over the loading pressure sequence used in these tests. The values of n in the normally
consolidated stress range in these fits of 0.47 to 0.56 are within the range of expected values. On
the other hand, the two deeper specimens exhibit only overconsolidated behavior over the loading
pressures used in these tests, indicating that the overconsolidation ratios associated with these two

specimens are greater than 4.

Table 3 A and n Dimensionless Constants from the Least-Squares Fits to the

Hardin (1978) Equation.
Overconsolidated Normally Consolidated
Sample Number
(Specimen ID) A n A n
27
(UTA-10-A) 289 0.40 317 0.56
34
(UTA-10-B) 424 0.30 477 0.47
71
(UTA-10-C) 1077 0.09 - -
91
(UTA-10-D) 366 0.39 - -

Small-Strain Material Damping Ratio

The variations of the small-strain material damping ratio, Dmjp, with effective isotropic
confining pressure, 6., for the four specimens are presented in Figure 10. As expected, there is a

decrease in Dmjp with increasing 6,” (Kim, 1991; }Hwang, 1997; and Darendeli, 1997).
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Yoid Ratio
The variations in void ratio with " for all specimens are shown in Figure 11. All four

specimens exhibited a similar trend with void ratio decreasing as G, increased.
Excitation Frequency

Figure 12 shows the effect of loading frequency on shear modulus at low strains (y =
0.001 %) for the laboratory specimens. Figure 13 shows the same data normalized by the

respective values of Gmax at a loading frequency of 1 Hz, Gmaxgz-

Figure 14 shows the effect of loading frequency on the méten'a] damping ratio at low
strains (Y= 0.001 %) for the laboratory specimens. Figure 15 shows the same data normalized by
the respective values of Dpjin at a loading frequency of 1 Hz, Dminjy,-

As seen in Figures 12 through 15, there is a more pronounced effect of frequency on Dmin
than Gmax. This result is typical of all soils (Kim, 1991; Hwang, 1997; and Darendeli, 1997).
The main effect of frequency on Gmax and Dmin occurs at frequencies above 1 Hz. (In the range
of 0.01 to 1 Hz, there is very little effect of frequency on Gmax and Dmjip.) Since the RC tests
involve measurements at the resonant frequency of the specimen (19 to 107 Hz in these particular
tests) and the TS tests involve measurements at considerably lower frequencies (0.01 to 5 Hz), the
frequency dependency of Gmax and Dmin can easily be evaluated with combined RC and TS

testing.
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3.2. Nonlinear Shear Modulus and Material Damping Ratio

G - log y Relationships

Results of all G - log ¥ relationships determined by the RC and TS tests are presented in
Figure 16. It can be seen in this figure that the G - log v relationships determined by the RC and
TS tests are slightly different, mainly due to the effect of measurement frequency on G as
discussed above for Gmax. The normalized shear modulus (G/Gmax) - log 7y relationships are
shown in Figures 17 through 19. The figures are arranged so that the first figure (Figure 17)
shows the RC results. The next figure (Figure 18) shows the TS results. Figure 19 shows a
comparison of the RC and TS results.

In Figures 17 through 19, the G/Gmax - log 7y relationship recommended by Seed et al.
(1986) for sands is shown for comparison purposes. In addition, the separate relationships for
sands and clays recommended by Idriss (1990) are also shown. As seen in Figure 19, the values
for each cohesive specimen lie above the range proposed by Seed et al. (1986) as one would expect
when comparing the behavior of sands and clays. The measured relationships cluster around the
relationship suggested for clays by Idriss (1990). It is also clear that the loading frequency has a
negligible effect on the normalized shear modulus curves. The modulus reduction curves are
observed to shift to the right (specimens exhibiting more linear behavior) with increasing plasticity
and increasing confining pressure.

Reference strains were determined for the normalized shear modulus curves using the
hyperbolic equation recommended by Hardin and Dmevich (1972). The hyperbolic equation can

be expressed as:

= 2
Gmax 1+
Yr, G
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where
Y = any given strain, and

Y o= the reference strain with respect to the shear modulus.
I,

The reference strain is used simply for curve fitting purposes. The value of Y. o is equal to the

shearing strain at which G/Gmax equals 0.5.

Best fits of the hyperbolic equation to the G/Gmax - log v relationships for the RC and TS
results are shown in Figures 20 and 21, respectively. Values of the reference strain with respect to
the shear modulus for these fits for both the RC and TS tests are summarized in Table 4. In each
case, the reference strains determined for the RC and TS results are quite close, with the values

from the RC test being slightly higher.

Table4  Reference Strain ('yr G) Values for the G/Gmax - log ¥ Curves Based
on the Hardin and Drnevich (1972) Equation.

Sample Number Reference Strain Values, 'yr G (%)
(Specimen ID) RC Results TS 1* Cycle Results
27 1.59E-1 1.05E-1
(UTA-10-A)

34 1.78E-1 1.40E-1
(UTA-10-B)

71 2.79E-1 2.40E-1
(UTA-10-C)

91 1.48E-1 1.45E-1
(UTA-10-D)
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D - log ¥ Relationships

Figures 22 through 24 show the D-log 7 relationships for the four specimens. The figures
are arranged so that Figure 22 shows the RC results, Figure 23 shows the TS results, and Figure
24 shows a comparison of the RC and TS results. The values of Dmpin measured in the RC tests
are higher than the Dmjn values measured in the TS tests, as shown in Figure 24. This difference
is due to the frequency effect as discussed above and as shown for other soils (Kim, 1991;
Hwang, 1997; and Darendeli, 1997). This general relationship between values of D measured in
the RC and TS tests is observed to exist for all specimens at strains below about 0.005 %. At
higher strains in the range of 0.01 to 0.1 %, the values of D from the TS tests increase slightly
more rapidly with strain and become more similar to the values of D determined in the RC tests.
This trend at higher strains seems to be related to the plasticity of the soil (Stokoe et al., 1994).
Also, the highest value of D measured at the largest strain (about 0.15 %) for the two shallow
specimens should be viewed cautiously. The strain amplitude varied significantly during these
free-vibration decay measurements and the strain at which the values of D are shown could be
underestimated.

In Figures 22 through 24, the D - log 7y relationship recommended by Seed et al. (1986) for
sands is shown for comparison purposes. The general curve proposed by Idriss (1990) for sands
and clays is also shown. At very low strains, the fneasured values of D tend to be slightly above
the proposed re]ationships. Also, at strains between 0.01 and 0.1 %, the measured values of D for
all specimens range from below the recommended curve by Idriss (1990) to the values
recommended by Idriss at a strain of about 0.1%.

Best-fit curves were determined for the material damping ratio measurements using the

equation from Darendeli (1997) which was patterned after Hardin and Drnevich (1972) as:

D 1,2 3)

Dmin YD
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where
Y = any given strain, and

Y 5= the reference strain with respect to material damping.
T,

The equation presented above was used for only curve fitting purposes. It is worthwhile noting

that the value of Y p is equal to the shearing strain at which D/Dmjip equals 2.

Best fits of the above equation to the D - log 'y relationships for the RC and TS results are
shown in Figures 25 and 26, respectively. Values of the reference strain with respect to material

damping and values of Dmin for these fits for both the RC and TS tests are summarized in Table 5.

Table 5 Damping Curve Coefficients ('yr b and Dmjn) for the D - log y Curves

Sample Number Reference Strain Values, 'Yr D (%)
(Specimen ID) RC Results TS 1* Cycle Results
Dmin Y D Dmin Y D
27 3.00 3.76E-2 2.04 3.78E-2
(UTA-10-A)
34 2.37 3.09E-2 1.69 2.86E-2
(UTA-10-B)
71 1.71 4.47E-2 1.28 2.83E-2
(UTA-10-C)
91 1.68 1.86E-2 1.50 1.28E-2
(UTA-10-D)
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APPENDIX A

TESTING EQUIPMENT, MEASUREMENT
TECHNIQUES AND EQUIPMENT CALIBRATION

A.1 INTRODUCTION

In this study, combined resonant column and torsional shear (RCTS)
equipment was employed tc evaluate the dynamic properties of undisturbed
soil specimens. This equipment was originally developed by Prof. Stokoe
following earlier developments by Professors Hardin and Drnevich. The
equipment has undergone continued modifications and improvements over the
past two decades by the graduate students under Prof. Stokoe’s guidance
(Isenhower, 1979; Lodde, 1982; Ni, 1987; Kim, 1991; and Hwang,
1997).

The RCTS equipment is a fixed-free system that applies torsional
excitation at the top of a cylindrical soil specimen while the bottom of the
specimen is fixed. The excitation is applied with a driving system composed
of coils and magnets. Static and dynamic response data are collected with
measurement S);stems composed of an accelerometer, an LVDT, and two
proximitors. ~ With this arrangement, testing is performed without
constraining the top of the specimen, hence, the “free” portion of the fixed-

free configuration is accomplished. The boundary conditions reduce the
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problem into a simple theoretical solution of wave propagation through the

specimen.

In this appendix, a detailed description of the testing equipment is
presented along with information on the theory of testing and the equipment
calibration. Figures and tables that are originally produced by Seon-Keun
Hwang (1997) are used throughout this appendix to iliustrate the equipment,

testing methods and calibration procedures.

A.2 GENERAL OVERVIEW OF RCTS EQUIPMENT AND TESTING

METHODS

Testing of a soil specimen in the RCTS device is accomplished in
two different ways. One way is employing the resonant column portion of
the device which is based on measuring the resonance characteristics of a soil
specimen subjected to certain boundary conditions. The other way is
employing the torsional shear portion of the device which is based on slow
cycling and evaluating the stress-strain hysteresis ioop through measuring the
torque applied to the top of the specimen and the resulting rotation of the

specimen.
A.2.1 Resonant Column Test

In case of resonant column testing, the basic principle is measurement

of the resonance characteristics of a specimen with known geometry subjected
A3



to simple boundary conditions. For the case of the resonant column device at
The University of Texas at Austin (UTA), the specimen shape is a right
circular cylinder that is fixed at the bottom and free at the top. The specimen

is subjected to a dynamic torsional loading as shown in Figure A.1.

As the specimen is excited in torsion, the dynamic material properties
are measured at first-mode resonance. First-mode resonance is generated by
applying harmonic loading through a rigid top cap on the specimen to which a
drive plate is attached with four screws. The magnets on the drive plate are
displaced by applying a current in the form of a harmonic forcing function
through drive coils which surround the magnets in a noncontacting fashion.

A simple sketch of the test setup is presented in Figure A.2a.

A frequency response curve is determined by sweeping the driving
current through frequencies and measuring the resulting output from the
accelerometer attached to the drive plate. The point where the response is a
maximum is called the resonant peak and the frequency at this point is the

resonant frequency as illustrated in Figure A.2b.

Using the geometry of the specimen, the boundary conditions, and the
calibration constants, the shear wave velocity (V) is calculated from the
resonant frequency. The shear modulus (G) is then determined using this
value. The peak accelerometer output is used in estimating the peak shearing

strain (Y). The material damping ratio (D) is evaluated using the frequency
A4
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response curve (half-power bandwidth method) and the free-vibration decay

curve.

The free-vibration decay curve is recorded by resonating the specimen
in steady-state motion at the resonant frequency and then quickly shutting off
- the driving power. The displacement of the specimen starts to decay
exponentially and the slope of the semi-log plot of displacement versus
number of cycles of movement is used to evaluate the materiai damping ratio

as illustrated in Figure A.3.

The half-power bandwidth method is based on evaluating the shape of
the frequency response curve around the resonance peak as illustrated in

Figure A 4.
A.2.2 Torsional Shear Test

In torsional shear test, the basic principle is the application of a known
torque at the top of the specimen at a predetermined frequency and
measurement of the resulting twist (displacement) of the top of the specimen.
Thus, the soil specimen is subjected to a cyclic shearing stress at low
frequencies. The stress applied to the specimen and the resulting strain are
measured simultaneously. The hysteresis lcop formed from this loading
condition is measured for each loading cycle and is used in calculation of

cyclic (also called “‘dynamic” herein) material properties.
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As illustrated in Figure A.5a, the displacement at the top of the
specimen is measured with proximitors while the current applied at the drive
coil is simultaneously recorded. The displacement is used in calculation of the
shearing strain and the current in the coils is used to evaluate the shearing
stress. The resulting hysteresis loop is then used in calculation of shear
modulus (G) and materiai damping ratio (D) of the soil specimen as illustrated

in Figure A.5b.

A.3 RESONANT CoOLUMN AND TORSIONAL SHEAR TESTING

EQUIPMENT AND METHODS

In Figure A.6, a detailed drawing of the RCTS equipment is
presented. The system is composed of a confinement system (which is not
shown in this figure), a drive system, a height-change measurement system,
and a motion monitoring system. The equipment has been automated by Ni

(1987).

A.3.1 RCTS Confinement System

A cross-sectional view of the confinement system is presented in
Figure A.7. It is composed of an outer hollow cylinder, two square plates
and four fixing rods. The outer hollow cylinder has a wall thickness of 0.25
in. (0.64 cm) and an outside diameter of 8.5 in. (21.6 cm). Each square plate

has the dimensions of 9in. x9in. x 1 in. (23 cm x 23 cm x 2.54 cm). The
A.10
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fixing rods are 20 in. (51 cm) long and 0.5 in. (1.27 cm) in diameter. All
these components are made of stainless steel to prevent any reaction with the
electro-magnetic driving system. The bottom plate is rigidly fixed to the
support table. Rubber o-rings are used between the end plates and the
cylinder to ensure that the system is air tight. This system is designed to

withstand a maximum internal air pressure of 600 psi (4137 kPa).

After the confining cell is assembled, air pressure is supplied through
a pressure line in the bottom plate. This pressure is regulated by either a
Fairchild model 30 (2 to 100 psi (14 to 689 kPa)) or a Tescom model 44-2200
(3 to 500 psi (21 to 3447 kPa)) regulator. The pressure source is either the
building air supply (up to 60 psi (up to 414 kPa)) or an industrial nitrogen gas
container (up to 2500 psi (17 MPa)).

During the testing stage, the specimen is seated on a base pedestal that
is connected to a drainage line in the bottom plate. The specimen is sealed
with a membrane and a silicon fluid bath is placed around the membrane to
prevent air migration into the specimen. The air pressure is then applied to the
chamber. Thus, an isotropic confining pressure is applied to the specimen
through the fluid bath. The air pressure is monitored with either a Bordon
type pressure gage or a Validyne DP15 pressure transducer. It is also
possible to monitor the pore water pressure in the specimen with a pressure

transducer connected to the drainage line.
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A.3.2 Drive System

The drive system is composed of a drive plate (four Alnico No.8
magnets and an aluminum plate that connects them to the top cap), eight drive
coils (located around the magnets by fixing to a support plate), a power
amplifier (HP 6824A) and a function generator (HP 3314A). The details of
the drive plate are presented in Figure A.6, and the schematic diagram of the

drive system is presented in Figure A.8.

The function generator is used to create a sinusoidal output at a certain
frequency and a desired voltage level. This current is transferred to the drive
coils, and it is used to drive the magnet located inside the coil. The aluminum
plate transfers the applied force to the top cap. Thus, the specimen is
dynamically loaded in torsion. In case of high-amplitude tests, the output
from the function generator is amplified before being transferred to the drive

coils.

The maximum torque applied to the specimen is a function of the
strength of the magnets, characteristics of the drive coils, the gap between the
magnets and the drive coils, length of the arms of the aluminum plate and
finally the input current. This system is described in Ray (1983) in further

detail.
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A.3.3 Height-Change Measurement System

The height-change measurement system is composed of an LVDT
(CRL model SH-200-53R), a function generator (HP 3314A), and a digital
voltmeter (HP 3458A). The LVDT is arranged in such a manner that the
boundary condition at the top of the specimen is free. Thus, the core rod in
the LVDT is attached at the center of the top cap. The LVDT coil housing is
attached to a support post and monitoring is accomplished without any
physical contact between the core and the housing. The function generator is
used to create a 500-Hz, 4.77-V input current at the coil housing. Then, the
voltage output from the LVDT is monitored with the voltmeter. Using the
appropriate equipment constant, the actual height of a specimen is calculated at
" the time of each test. This value is used in estimating the mass density, length
and mass polar moment of inertia of the specimen at all times during testing,
and these values are used in calculation of the shear modulus of a soil sample.
A schematic diagram of the height-change measurement system is presented in

Figure A.9.
A.3.4 Motion Monitoring System

The frequencies involved in the resonant column (RC) and torsional
shear (TS) tests are different. In case of RC tests, the testing frequency is a

function of the boundary conditions and geometry of the specimen.
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However, in TS tests, the testing frequency is a predetermined value and is at
least an order of magnitude smaller than that used in the RC test. The
frequencies involved in TS tests (0.05 to 10 Hz) are very low. At such low
frequencies, measurement of displacement can only be achieved with a
proximitor. In case of RC tests, the higher frequencies (more than 20 Hz)
permit the use of accelerometers.  The voltage readings from the

accelerometers are then converted to displacement data.
A.3.4.1 Resonant Column Test

The devices involved in motion monitoring during an RC test are; an
accelerometer (Columbia Research Lab. model 3021), a charge amplifier
(Columbia Research Lab. model 4102M), a frequency counter (HP 5334A), a
digital voltmeter (HP 3458A) and a digital oscilloscope (Nicolet 20929-01).
Figure A.10 presents a schematic diagram of the motion monitoring system in

the RC test.

As the specimen responds to the dynamic loading through the drive
coils, the accelerometer senses the motion of the specimen. The signal is sent
through a charge amplifier that conditions the output to be linear in the range
of acceleration levels. Then the conditioned output is monitored
simultaneously at the frequency counter, the voltmeter and the digital

oscilloscope. The voltmeter measures the amplitude of the signal while the
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frequency counter determines the frequency. The digital oscilloscope displays
the signal in the time domain. The frequency response curve of the specimen
is recorded in the memory of the computer by dumping the data from
voltmeter and frequency counter continuously. Then customized computer
software automatically determines the maximum accelerometer output. The
frequency that corresponds to this data in the frequency domain is the
resonant frequency. Using the complete response curve, the material
damping ratio is estimated by the half-power bandwidth method. The
resonant frequency is used in calculation of the shear wave velocity and shear
modulus. Finally, the shearing strain is estimated by converting the
maximum accelerometer output to actual displacement at the top of the

specimen.

After estimation of the resonant frequency, the function generator
drives the specimen at this frequency in steady-state motion. Then, the power
to the coils is turned off and the response of the specimen is recorded in the
time domain by using the digital oscilloscope. The data is later dumped to the
computer. The computer software is employed in calculating a best-fit to the
free vibration decay curve. The constant of exponential fit is used in

calculation of material damping ratio from the free-vibration decay curve.
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A.3.4.2 Torsional Shear Test

Due to the low frequencies involved in TS testing, the accelerometers
can not be used in monitoring cyclic motion. As an alternative, proximitors
are employed in TS testing. The system is based on measuring the width of
an air-gap between a proximity probe and a proximity target. Thus, it directly
measures displacements instead of measuring acceleration and converting it
into displacement (as in the case of accelerometers). The system is composed
of a proximity target, two proximity probes (Bently Nevada M 300-00), two
proximitors (Bently Nevada M 20929-01), a DC power supply (Lambda M-
11-902), a custom-made DC shifter, an operational amplifier (Tektronix TM
504 with AMS501), a digital signal filter (Wavetek Brickwall Filter System
716), a function generator (HP 3314A), and a digital oscilloscope (Nicolet
20929-01). A schematic diagram of the motion monitoring system in the TS

test is presented in Figure A.11.

As shown in Figﬁre A.6, the U-shaped proximity target is attached at
the center of the drive plate and the proximity probes are attached to a support
post. The proximity probes are connected towproximitors which are powered
- with a DC power supply. The probes sense the width of the air-gap between

the target and the probe tip, and the signal is conditioned at the proximitors.

Before starting the test, the signal from the proximitors is sent to a DC

shifter, and the output is adjusted to a zero reading. Then the DC shifter is
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connected to the operational amplifier that combines the two signals and
outputs the difference of the two. The output is then filtered and displayed at
the oscilloscope along with the signal that represents the driving force. The
data are then converted into stress and strain by the software in the computer
in order to plot the observed hysteresis loop. The area of the loop is used in
the calculation of the material damping ratio, and the orientation of the loop
(slope of the line connecting the end points of the loop) is used in the

calculation of the shear modulus (as illustrated in Figure A.5b).

A.4 THEORY OF ANALYSIS OF RESONANT COLUMN AND TORSIONAL

SHEAR TESTS

As mentioned above, there are two ways of determining dynamic soil
properties with combined RCTS equipment. This section briefly explains the

theory and calculations involved in measuring these properties.
A.4.1 Resonant Column Test

As discussed earlier, the resonant column test is based on estimating
the material properties from the first-mode resonance characteristics of a
specimen with known geometry and boundary conditions. Measurement of
the frequency response curve of a specimen is performed and the resonant
frequency is used in evaluating the shear modulus of the material. The

maximum accelerometer output is used in determining the strain amplitude of
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the test.

Material damping ratio is calculated from both the frequency

response curve and the free-vibration decay curve.

A.4.1.1 Shear Modulus and Shearing Strain

Shear Modulus

Calculation of the shear modulus is based on the one-dimensional

wave propagation equation for a specimen fixed at the bottom and free at the

top, with a rigid added mass attached at the top of the specimen. The equation

1s:

21 wopxl W X1

T =TV, X tan ( Vs ) (A.1)
where, X1 =I5+ I (A.2)

Is  =mass polar moment of inertia of the specimen

Im

Io

Wn

(= % m r2 for a solid right-circular cylinder),

= mass polar moment of inertia of the membrane,

=mass polar moment of inertia of the rigid end mass (top cap
and drive plate) at the top of specimen plus any added mass of
the O-ring and membrane on the top cap,

= length of the specimen,

= shear wave velocity of specimen, and

= undamped natural angular frequency of the system (= 2t f}).
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The value of I, £ 1, and | are determined from the calibration of the

drive plate, weight and dimensions of the top cap, weight of the membrane
and O-ring and from the dimensions and weight of the specimen. Once the
first-mode resonant frequency, f;, is determined, the shear wave velocity, Vg,

is calculated using Equation A.1 by assuming that f; and f;, are equal. Since

resonant frequency is measured rather than the undamped natural frequency,
shear wave velocity of the specimen is calculated using f;. The relationship

between f; and f;, is :

fr=fn><‘\/1 -2 D2 (A.3)

If the damping ratio of the specimen, D, is zero, f; is equal to f,.
Typical damping ratios of soils evaluated in the resonant column tests are less
than 15 %, and the difference between f; and f;, resulting from it is less than 3
%. Thus, f; is assumed to be the same as fj, throughout this study. Once the
shear wave velocity is determined, shear modulus is calculated from the

following equation:

G=px Vz (A4)

where p is the total mass density of the soil.
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Shearing Strain

During torsional vibration of the specimen with the added mass at the
top, torsional displacement can be assumed to be linearly distributed along the
height of the specimen, with a maximum displacement at the top and zero
displacement at the bottom (Drnevich et al., 1967). The shearing strain,
however, varies radially from zero at the center of a solid specimen to a
maximum at the outer boundary. The strain can be expressed as a linear
function of the distance from the longitudinal axis as illustrated in Figure A.12

(Chen and Stokoe, 1979).

Chen and Stokoe (1979) studied the radial distribution of shearing
strain in the specimen to find a value of the equivalent radius, req, of the
specimen tested in the RCTS apparatus. They found that the value of req
varies from 0.82 times the radius of the specimen, r,, at peak shearing strain
amplitudes below 0.001% to 0.79 r,, at a peak shearing strain of 0.1 % for a

solid specimen. For a hollow specimen, however, they recommended using

the average of the inside and outside radii for req. These values of reg; have
been adopted in this study. The shearing strain in the resonant column test is

expressed by:

'ch = C X Ymax X 100 % (AS)
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Figure A.12 Illustration of the Shearing Strain in a Soil Specimen Tested in

the RCTS Apparatus (from Hwang 1997)
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where, ch : equivalent shearing strain of specimen (%),
C="4(=0.79 for a solid specimen) (Chen and Stokoe, 1979) ,
o
Teq : equivalent radius of specimen,

I, : radius of a solid specimen, and

ro X 0
Ymax =_0_l__r£a_)£ (A.6)
where, O : maximum rotation of the top of the specimen, and

¢ : height of specimen.

To calculate the shearing strain from the accelerometer output, the
distance from the center of specimen to the location of accelerometer, r,, must
be known. (The value of rp is 2 in. (5.08 cm) in the RCTS equipment at The
University of Texas at Austin.) The value of peak acceleration measured by

the accelerometer can be expressed as:

ft
(225a) v
a
. V2 x g * "T000
Z,= (A7)
Fac

where, Z,: peak acceleration measured by the accelerometer ( _ft_2_ )s
sec

Va : output voltage(rms) of the accelerometer (mV),

g : acceleration of gravity (=32.2 2 )s

sec2

Ymax : shearing strain at the outer edge of specimen (%), and
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F.c : calibration factor of the accelerometer ( = 2.5234 X v_g_l_t. ).

The peak value of horizontal motion (essentially equals peak rotational motion

at the small strains in the RCTS tests) can be expressed as:

Ly=zax @? (A.8)

where, © : angular frequency of the specimen( =2 X T X f; ),

f; : resonant frequency of specimen (Hz), and

Za
7= (A.10)
4 x 2 % fr

Therefore, the equivalent shearing strain of the specimen in the

resonant column test can be obtained using following equation:

210X V,

{x Facxff

Y=7.882 x x 1073 % (A.11)

A.4.1.2 Material Damping Ratio

In the RCTS device, the material damping ratio of a soil sample is
evaluated by either the half-power bandwidth method or by the free-vibration

decay curve. The equation of a single-degree-of-freedom system is:
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m Z(t) + ¢ z(t) + k z(t) = F(t) (A.12)

where, m = mass of the system,
c = the constant of a viscous dashpot,
k = a spring constant proportional to the modulus,
F(t) = force as a function of time, t, applied to the system, and
z(t), z(t), z(t) represent the acceleration, velocity, and displacement

as a function of time, respectively.

If the excitation force is assumed to be a steady-state harmonic
function F(t) = F cos mt, then Equation A.12 becomes a second-order linear
differential equation. The complete solution of this equation is the algebraic
sum of the transient (or complementary) solution, obtained by solving the
homogeneous equation, for which the right-hand side of Equation A.12 is set
equal to zero, and a steady-state (or particular) solution of the equation
including the forcing function on the right-hand side. The transient solution

of this equation can be shown to be of the form:
ze(t) =eat (A;sinwgt+ A cos 0gt) (A.13)

where, z.(t): displacement of the system for transient state

C

=7 m

(A.14)

g = damped natural circular frequency,
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w4 =y V1-D? (A.15)
n = undamped natural circular frequency (= \/% )

D = damping ratio ( = CEC- ),

c¢ = critical damping coefficient (=2Vk m ), and

A}, Ap = arbitrary constants obtained by substituting the initial

boundary conditions into the complete solution of the equation.

This transient oscillation at the damped natural circular frequency is a
harmonic response of the system that depends on the iritial conditions, in
which the amplitude decays rapidly with time. Therefore, for most soil

dynamic studies, the transient solution is often neglected.

The steady-state solution, zp(t), is any function, z(t), that satisfies

Equation A.13. For harmonic excitation, the solution can be expressed as:

Fcos (wt- @)

zp(t) = 5 (A.16a)
'\/(k-m(oz) +m202
E cos (wt- )
zp(t) = : (A.16b)
2\2 2
V=)o)
k k
E cos (0t-@)
Zp(t) = k (A.16¢)

Vi-(2)) (o)’
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20y
where, tan ¢ = = On /- (A.17)
1-_"12. ( Oy )

It should be noted that the resonant circular frequency, ®;, for which
strain amplitude reaches a maximum value is obtained when the denominator

in Equation A.16¢ has a minimum value. Therefore, by differentiating the

denominator in Equation A.16c with respect to ® and equating it to zero gives:
2(1-(0)&")2)(-2&%)%%0%)2(20)):0 (A.18)
O=0r= 0, \/1_2—155 | (A.19)
Thus the complete solution of Equation A.12 is:
2(1) = 2e(t) + Z(1)

z(t)=ed (Arsinwgt+ Az coswgt)+ Az cos (0t- Q) (A.20)
F

V(2] (2oa)

where, A3 =

(A.21)
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Free-Vibration Decay Method

The free-vibration decay curve is generated by shutting off the current to
the driving coils after soil specimen is excited at first-mode resonance in steady-
state vibration. The data are recorded on the digital oscilloscope and are
transferred to the computer for calculation of the material damping ratio. The
ratio of the natural logarithm of two successive peaks in the free-vibration decay
curve is termed the logarithmic decrement, §, and is expressed as :

Zp

0=In

(A.22)

Zn+1

where z, and z,4] = two successive peak amplitudes in the free-vibration
decay curve. From Equation A.13, two successive peak amplitudes at time tg

2 . .
and (tg + il ) can be obtained, and the logarithmic decrement is expressed as

follows:

§=L1C (A.23)

m g

Dividing both numerator and denominator of right hand side of Equétion A.23

with c¢ and rearranging the equation results in:

§=—2TD (A.24)

\jl—D2

Material damping ratio is then expressed as follows:
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D -———-—82

= A2S
4 2 + §2 (A.29)

A typical free-vibration decay curve of remolded washed mortar sand

and the resulting damping ratio measurement using Equation A.25 are shown

in Figures A.3a and A.3b, respectively.

Typical frequency response curves showing the effect of the strain
amplitude are presented in Figure A.13. Curves I, II and III correspond to
three RC tests at different strain amplitudes. The shear modulus decreases
and. the material damping ratio increases with increasing strain amplitude.
Figure A.14 presents the free-vibration curves at the three strain amplitudes
illustrated in Figure A.13. The logarithmic decrement curves for the different
strain amplitudes are presented in Figure A.15. This figure also shows that
the exponential decay of the oscillation results in a decrease in strain amplitude
and also a decrease in damping after a few cycles. In this study, the
logarithmic decrement is calculated from the first three cycles of free
oscillation. Thus, the material damping ratio calculated from the free-
vibration decay curve does not actually correspond to the maximum strain
amplitude. As a result, the average strain amplitude of the first three cycles of

the free-vibration decay curve is used as the representative strain amplitude.
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Half-Power Bandwidth Method

The other method used in measuring the material damping ratio is the
half-power bandwidth method based on the vibration of a single-degree-of-

freedom system with equivalent viscoelastic damping.

A portion of the frequency response curve, which is around the
resonant peak, is used in calculating an estimate of the material damping ratio.
The method relates the shape (height to width ratio) of the frequency response

curve to damping characteristics.

From the frequency response curve, the maximum amplitude at

resonance can be obtained from Equation A.21 by assuming oy = ®,. If the

material damping ratio is small, the equation becomes:

Az=EF L (A.26)

To find the frequencies at which the amplitude is equal to —1’12: A3, A3 in
Equation A.21 is replaced with % Aj and after calculating the square of both

sides, we get:

%(21])): - ; - A27a
RESAEYY o

(O
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By rearranging Equation A.27a, the equation becomes:

(%)“-zu-2D2)(7‘§—)2+(1-8D2>=0 (A.27b)

n n

Solving for( % )2 gives:
n

(%)2=(1-2D2)12DV1-D2 (A.28)

n

Since material damping is assumed to be small, neglecting the second-order

term of D in Equation A.28 gives:

(—(—‘3—)2=1i 2D 4 (A.29)

n

Letting m;, ® be the two frequencies corresponding to the roots of Equation

A.28 gives:

2 2
4D = (Ml) = 2("’1—-‘*—’2—) (A.30)

Thus the material damping ratio from the half-power bandwidth method is:

D=

(A.31)

(01'0)2)

20,

This method is based on the assumption that the material damping
ratio is small. The method performs well for material damping ratios smaller
than 5%. As the strain amplitude increases as illustrated in Figure A.13, the

frequency response curve becomes non-symmetrical. Thus, this method
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should not be used in the measurement of material damping ratio at high

strain amplitudes.

In this study, the results from the free-vibration decay curves are used
at high strain amplitudes. On the other hand, the signal used in free-vibration
decay method becomes very weak at low strains. Thus, the half-power
bandwidth method is employed in calculation of material damping ratio at low

strains (strain amplitudes less than 0.001 %).
A.4.2 Torsional Shear Test

In case of torsional shear tests, the dynamic soil properties (G and D)
are determined in a completely different way. Slow cyclic loading of the
specimen is excited while the response (displacement at the top of the
specimen) of the specimen is measured. The input and output signals are
converted into shearing stress and shearing strain, respectively. Then, the
hysteresis loop (that forms from plotting of the two measurements) is used in
calculating the soil properties. Shear modulus is calculated from the slope of
the hysteresis loop and material damping ratio is calculated using the area of

the hysteresis loop as illustrated in Figure A.5b.
A.4.2.1 Shear Modulus and Shearing Strain

In the torsional shear test, shear modulus is determined from the

stress-strain curve. Shear modulus is evaluated as the secant slope of the
A4l



hysteresis loop at which shearing strain reaches its maximum value. It is

expressed as:

G= (A.32)

Sk

where G is the shear modulus, 7T is the peak shearing stress and Y is the peak

shearing strain.

Shearing Stress

When a specimen is subjected to a torsional force, T (= F X 2 1), as
shown in Figure A.16, the shearing stress, T, increases linearly with radius,
r. The shearing force acting over a unit area, dA, is T X dA, and the moment
of this force about the longitudinal axis of the specimen is r X T X dA. The
total torque, T, is the summation of such moments over the entire cross-
sectional area. Thus the equation of the total torque applied to the specimen

can be written as:

Ir=n
T=I rXTxdA (A.33)
. _

where, dA = (2 X © Xr1) X dr. The shearing stress at the center of dA can be

expressed as:

T = Trmax ¥ r’—o (A.34)
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Thus, Equation A.33 can be rewritten as:

r=n
T=2><Tt£<Tmaxf r3dr
r=n
_Tmax T 4 4, _ Tmax
= xi-x(rz-r] )= Yo X Jp (A.35)

where Jp is the area polar moment of inertia. The maximum shearing stress

from Equation A.35 can be expressed as:

Tmax =To X JI' (A.36)
P

Because shearing stress is assumed to vary linearly across the radius, the

equivalent torsional shearing stress can be defined as:
_ T
Teq = Teq X ]—5 (A.37)
The value of equivalent radius, Teq, is the same value as discussed in the

resonant column analysis for calculation of shearing strain (Section A.4.1.1).

The value of applied torque, T, is calculated from the input voltage applied to

the drive system, Vt (volt), and the torque calibration factor, Kt (_t%'gll:_e ).
Therefore, the equivalent shearing stress applied to the specimen is:
Vv
Teq = Teq X KT X T (A.38)
p
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Shearing Strain

The shearing strain is determined from the displacement measured at
the top of the specimen. The proximitor output voltage, Vp (volt), is

converted to displacement by using the proximitor calibration factor, Kp
ad ) . o
(__‘rmh ). Thus, the equivalent shearing strain is:

A"

Shear Modulus

After calculating the values of shearing stress and shearing strain
following the procedure discussed above, the shear modulus is obtained by

using Equation A.32.
A.4.2.2 Damping Ratio From The Hysteresis Loop

The hysteresis loop (that forms from plotting shearing stress versus
shear strain) is used in determining the material damping ratio in torsional
shear test. Material damping ratio is defined as the ratio of the total amount of
energy dissipated and the peak strain energy stored in the specimen in one
complete loading cycle. Based on this definition, material damping ratio can
be written as:

1 Wy
D=— X—=—— A4 )
i W (A.40)
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where W is the area of the hysteresis loop and Wy is the area of triangle as
shown in Figure A.17. The derivation of Equation A.40 can be found in

Thompson (1965).

A.5 CALIBRATION OF THE COMBINED RESONANT COLUMN AND

TORSIONAL SHEAR EQUIPMENT

The combined RCTS equipment is composed of several pieces that
have to be calibrated. Accelerometers, LVDT’s and proximitors on each drive
plate are some of the components that have to be calibrated. The polar
moment of inertia and damping characteristics of each drive plate, and the
characteristics of each drive system need to be determined. The calibration
factors recommended by the manufacturer of each component of the system
(such as accelerometers, LVDT’s and proximitors) are verified before
integrating these components into the RCTS device. Also, all monitoring
devices in the system (such as voltmeter, frequency counter, digital
oscilloscope, function generator and digital filter) are verified to be in proper
operation conditions by checking them with NIST traceable equipment.
Thus, only calibrations related v(rith the mechanical, physical and electro-
magnetic properties of the system are explained briefly in this section.

Further details can be found in Hwang (1997).

To facilitate the calibration process, a total of eighteen brass specimens

have been fabricated in the Civil Engineering machine shop by Mr. James
A.46



Figure A.17 Illustration of Hysteresis Loop Measured in the Torsional
Shear Test Showing the Evaluation of Shear Modulus (G) and
Material Damping Ratio (D) (from Hwang 1997)
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Stewart at The University of Texas at Austin. The physical properties of these
specimens are listed in Table A.1, and a side view of a typical specimen is
presented in Figure A.18. These metal specimens are used throughout the

calibration process.
A.5.1 Resonant Column Test

A.5.1.1 Calibration of Mass Polar Moment of Inertia of

the Drive Plate

As indicated in Equation A.l, the calculation of the shear wave
velocity (and therefore the shear modulus) is a function of the mass polar
moment of inertia of the top cap and the drive plate. Since it would be very
difficult to calculate the actual value of the mass polar moment of inertia, I,
accurately, an indirect approach is employed in this part of the calibration
procedure. The fabricated metal specimens are tested with a drive plate
combined with different sets of fabricated metal plates of known mass polar
moments of inertia. The resonant frequencies measured for each case (sets of

known plates) are recorded.

The resonant frequency of a specimen is:

fr=fn><\/l-2D2 (A3)
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Figure A.18 Side View of a Typical Brass Specimen Used in the
Calibration of the Combined RCTS Equipment (from Hwang
1997)
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Since f, = A X /\/ -—k—— , Equation A.3 becomes:
2T I°+Il
f=— x x\1 - 2 D2 (A.41)

2 I+],

where, f;, = natural frequency of the brass specimen,
D = material damping ratio of the brass specimen (= 0 %),

k = stiffness of the brass specimen,

Io= mass polar moment of inertia of the mass (including
everything such as drive plate, accelerometer, counter weight
for accelerometer, proximitor target, LVDT core, magnets) on

top of the brass specimen, and

I; = mass polar moment of inertia of added top plate(s).

Equations for two different cases can be combined to yield:

2
(f,o) _ (I, +1,+Al) (A42)

£ I,+1)

Equation A.42 can be solved to calculate the mass polar moment of

inertia of the drive plate as illustrated in Table A.2.

A1



Table A.2 Calculation of the Mass Polar Moment of Inertia for Drive Plate No.

S (from Hwang 1997)

Using Metal Specimen No. 1

I of Added Resonant I of the Torsional
Added Masses Frequency Drive Plate, Stiffness of
Mass fr (Hz Io, Specimen
Plate No. (Ib-fi-sec?) () (lb-ft?secz) (flt)-lb/rad)
(Known) (Measured) (Unknown) (Unknown)
TopCap | 4.623E-05 203.988 -
1 5.772E-04 181.309 1.9514E-03 3206
1+2 1.109E-03 166.143 2.0483E-03 3365
14243 1.640E-03 154.351 2.0889E-03 3431
Ave. lp= 2.0295E-03 3334
Using Metal Specimen No. 2
TopCap | 4.623E-05 106.297 -
1 5.772E-04 94.965 2.0533E-03 916
1+2 1.109E-03 86.659 2.0602E-03 919
14243 1.640E-03 80.188 2.0589E-03 918
Ave.lp = 2.0575E-03 918
Using Metal Specimen No. 16
TopCap| 4.623E-05 45.156 -
1 5.772E-04 40.302 2.0330E-03 164
1+2 1.109E-03 36.800 2.0557E-03 165
14243 1.640E-03 33.996 2.0393E-03 164
Ave. I = 2.0427E-03 164

Average I, of Drive Plate No. 5 = ((2.0295+2.0575+2.0427)/3)*10-3
= 2.0432*10-3 (Iby,-ft2)
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A.5.1.2 Calibration of Equipment-Generated Damping in

The Drive System

In the last few years, an equipment generated damping has been found
to exist in the resonant column system. Tests on metal specimens revealed
that this damping exists whenever a specimen is driven with the current in the
drive coils and it is frequency dependent (as shown in Figure A.19). Since
the material damping ratio of brass is negligible (less than 0.01 % in these
tests), the damping of the metal specimens measured in the course of
calibration is a result of the equipment. The testing is based on a fixed-free
boundary condition and the coil-magnet interaction at the drive system violates
this assumption and causes second order effects that change the damping
measurements. The analysis of the test results of metal specimens suggest
that there is a damping coefficient associated with each drive plate, and the
equipment generated damping is equal to:

c

D (A.43)

eq=—
4”war

Figures A.20 and A.21 present equipment generated damping of drive
plate No.4 measured by the half-power bandwidth method and by the free-
vibration decay curve. Tables A.3 and A.4 present the calculated values of ¢

based on these measurements. The tests of metal specimens also suggest that
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Hwang 1997)

A.55



1 N LILBLIL I 1 I 1 1 LB I_I L) 1 1 _
" Brass Specimens ]
ok Conf. Pressure = 0 psi
| Drive Plate #4 .
Free Vibration Decay Curve Method
R B * Test Results A
S O ,— : w/o added mass
IS 3T % m : w/ Plate No.1
Dfo B o - : w/ Plates Nos.1 & 2 |
g \"\‘;\\ O , ----- : w/ Added Tube
g
A
3 I e
s R ]
2 - .
S 06F .
g p— -
g B -
=
= = .
el 0.3 Curve fits
| log (D1) = 1.7714 - 1.0269 * log (Fr1) i
log (D2) = 1.7108 - 1.0465 * log (Fr2)
log (D3) = 1.5419 - 0.9951 * log (Fr3)
log (D4) = 1.5126 - 1.0015 * log (Fr4)
0.1 p 1l 1 1 111 111 | 1 1 1
5 10 20 50 100 200 500
Loading Frequency, Hz

Figure A.21 Variation of the Equipment-Generated Damping Ratio
Measured by Free Vibration Decay Curve Method with Three
Different Masses Added on Top of Drive Plate No. 4 (from
Hwang 1997)

A.56



Gﬁ\uow-n_v uawoads [eyow ay) Jo Juardlyje0d Surdurep =95 °p

poyisw yipimpueq 1amod-jrey Aq pauruiiayep onel Surdwep pajessuad-juswdinbs = g ¢

(pe1/29s-q)) uswdads [e39W Y} JO JuaTOYJ209 Surdwep [eonud = g

uowrtoads [ejow ayy Jo Aouonbaiy jueuosar spow-isay =7y °|

RI0N

LZ00 | 850 | 85y | ¥'€6 | 6100 | ¥¥'0 | SE'v | L'SOI | 6100 | 8Y'0 | L6'€ | TSII | LIOO | 8%°0 | LS'E |88 81
S100 | v1'1 | SET1 | 6T¢ | SI00 | €21 | #T°1 | 09¢ [SI00 | €1 | 11’1 | 1'O¥ Ll

9100 001 | €91 | L€e |S100 ] 860 | 6¥'1 | #9¢ | S100 | 801 | 9€'1 | L'6E |#100 | LI'T | TTL | €4b 91
L1000 | 0£€ | €50 | 801 |SI00 | 90°C | 80 | 911 {9100 | SLE | ¥¥'0 | LTI [9100 | €O¥ | 6€0 | THI 14!
LT00 | 600 | LSS |LET] [SIO0] 0£0 | II'S | ¥¥Cl | SIO0 | TEO | 99% | 9°SEI [ ¥I00 | vE0 | 61F |TISI £l
9100 { 790 | S9CT | T¥S [¥100 | 650 | OF'T | ¥'8S | SI00 | 890 | 61'C | 8'€9 | PIOO | €LO | L61 | TIL 4!
9100 | 2L | 060 | 0CC | SI00 | S8'1 | €80 | I'PC | SI0O0 | SOT | L0 | 6'9C I

9100 | ¥¥'1 | 60°1 | €CC |SI00 | 9S'1 | 860 | 8¢€C | SI00 | 691 | 060 | 1'9C | SI00 | €8°1 | 180 | €6C 0l
S100 | 07T | 690 | 0'ST 6

S10°0 | S9'1 | €6'0 | L'TC |810°0 | 80T | S8'0 | 84T |SI00 | €6'1 | LLO | L'LT 8

G100 | 6L°0 | €6'1 | O'Ly | SI0O0 | S80 | 9L'T | ¥'IS | SIO0 | €60 | 8S'1 | €LS L

9100) 040 | S€T | 08 |[+¥10°0 | L9°0 | TI'CT | 8IS | #10°0 | €L0 | S6'1 | L'9S | SIO0 | S80 | SL'T | TE9 9
S1I00 | 190 | €5°C | 919 | 9100 | L9°0 | I€T | ¥'L9 |SI00] €L0 | 80T | I'SL S

L10'0 | SSO | 90°C | ST9 |SI00 | ¥SO | 8LCT | L'L9 | ¥IOO | LSO | ¥ST | 6'EL | V100 | 190 | 82T | ¥'T8 14
G100 | 80 [ OCTE | 6LL | SI00 | OSO | €6C | TS8 |¥100 | €S0 | €9C | 646 €

LI0OO | v¥'0 | 88'¢ | €6L |¥I00 | Ov0 | TSE | 8'S8 | ¥IOO | SPO | TTE | 9¢6 | €100 | 9¥'0 | 68T | SHO1 [4

% ZH % ZH % ZH % zZY JoqunN
, ) c E_Q . % | ...w , ) ¢ n.._Q . 2 . c , ) ¢ n:Q . % | ._.u , ) ¢ n.._Q . £} . ._.w :o:.:uu&m
2qnL e yim C pue | ‘ON 9eld PIM 1 'ON 3eld YiIM SSEJAl POPPY Inoyiim [BISN

(L661 Buemy wouy) suawioads [BIS JO SIS3], UWN|OD) JUBUOSIY WOL] POYI| YIPIMpURy 19MOd-jeH

8uis) Suidweq pajersusn-juswdinbyg sy jo uoneiqE 2y) UI Pas() SINSIY UONE[NI[ED) oY) Jo Arewwung €'V J[qEL

A57



(pey/o3s-q[) uswoads [eysw 3y Jo JuardYye00 Suidwep =5 ¢

poylaw 3AIno Aed3p UoNeIqIA-931) AQ pautwialep onel Suidwep pajessusd-juswdinbs = ¥q ‘¢

(pe1/99s-q[) uswioads [e3au 3yl JO JULIDLJe00 Surdurep [eonud = 7

usawioads [ejew ay) jo Aouanbaij Jueuosal apowr-isiy =’y |

910N
$20'0 | 260 | 85y | ¥'€6 | 6100 | ¥v0 | Sev [L'SOI {6100 | 87°0 | L6€ |TSII |LIOO | 80 | LSE |8'8TI 81
SI00f OI'l | sel | 6¢Ce [SI00 | 0TI | #C1 [ 09¢ [S100 | IET | II'T | T'OV Ll
S100 ) €60 | €91 | L'eE | #100 | L60 | 61 | #'9¢ | SI00 | LO'T | 9€'1 | L'6€ | #1000 ] LI'T | TTT | €vb 91
9100 | o't | €50 | 801 |#100 ] 98°C | 80 | 911 [9100 | LS'E | ¥¥'0 | LTI | ¥I00 | ¥9'¢ | 620 | T¥1 14!
2200 | 6€°0 | LSS [Lell |SI00 ]| 620 | II'S {#'¥C1 |#100] 1€0 | 99V |9°Sel | ¥I00 | €0 | 61'v | TISI £l
9100 | 190 | S9T | TVS [¥100 | 650 | O¥'T | ¥'8S |SI00 | 890 | 61'C | 8€9 |#I00 | €L0 | L61 | TIL [4!
S100 | 891 | 060 | 0CC | S100 ) v8'1 | €8°0 | I'¥T | S100 | SO'T | ¥L'0 | 692 11
G100 | O¥'l | 601 | €7C |S100 | 6v'1 | 860 | 8¢C {SI0O0 | L9°1 | 060 | I'9C [SI00 [ IS8T | 180 | €6C 01
S10°0 | 0T°C | 69°0 | 0'ST 6
G100 | 191 | €60 | LTT |91000 | 681 | S80 | 8+¥C |SIO0 | €61 | LLO | L'LT 8
S10°0 | 940 | €61 [ OLy |S100| €80 | 9L'1 | ¥'IS [¥I00 | 160 | 8S'1 | €LS L
9100 | 890 | Se'C | 08y | #1000 | L90 | CI'C | 8IS |#100 | TLO | S6'1T | L'9S | S100 | €80 | SL'I | T'€9 9
S100 | 850 | €5°C | 9'19 [SI100 | #9°0 | 1€C [ L9 [S100] €L0 | 80T | I'SL S
9100 | TS0 | 90¢ | €79 |$100 | TS0 | 8LT [ L'L9 |¥100] 9S0 | ¥vST | 6'EL | ¥100 | 190 | 82T | ¥'T8 14
S100} L¥0 | OTE | 6LL | 100 | 6V0 | €6C | TS8 | V100 | €50 | €9CT | 646 £
9100 | Iv0 [ 88¢ | €6L [¥100 | OF0 | TSE | 8'S8 | ¥I00O | v¥'0 | TTE | 9¢6 | €100 | 9v'0 | 68T | S+01 [4

% 351 % ZH % ZH % ZH JoquInN
PR B I S S P O e I B I O P R B P O el B T ey I
qnL e Wwim C pue [ "ON 3ie[d YIIM [ 'ON 31eld Yitm SSEIN PIPPYV 1nOYlImM [BI3N

(L661 Buemy woly) suawioadg [EISN JO 5I1S9 L, UWIN[O) JUBUOSIY WOI] POYIRJ SAIND) A8I3(] UODBIGIA -331]
8uis) Surdwe( paresuan-juswdinby ay) Jo uoneIqIED) Y3 UL Pas() SINSIY UOHE[NO[ED) oY) JO Arewwng 'Y J[qEL

A58



the equipment generated damping is independent of strain amplitude (as

presented in Figure A.22).

The equipment generated damping can be treated as a phase shift in the
displacement signal (accelerometer output) relative to the driving signal
(current in the coils). The phase shift of a sinusoidal wave is additive, in
other words, one can subtract or add a phase to a signal without changing its
nature. A parametric study of two signals in phase yielded that change of
phase is proportional to the change of the area of the hysteresis loop
associated with the two signals at small phase angles. Therefore, it is
believed to be reasonable to subtract equipment generated damping from the

measured values.
AS5.2 Torsional Shear Test

As discussed above, the torsional shear test is based on monitoring the
forcing function (current in the drive coil) and the displacement function
(proximitor output). The shear modulus and material damping ratio are

measured using the resulting hysteresis loop from these two signals.
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A.5.2.1 Calibration of Monitoring System

Calibration of the monitoring system is accomplished by evaluating
the complete system together. A metal specimen with known stiffness (the
shear modulus determined by the RC test is used to calculate this value) is

employed in this procedure.
Calibration Factor of Proximitor System, KQ

As illustrated in Figures A.23 and A.24, the calibration factor of each
proximitor is evaluated at different input voltages. Also, the range over which
the proximitors are linear is determined. Then, the relationship between the
displacement of the target and the distance of the proximitor probe to the
center of rotation is established (Figure A.25). The angle of twist from
Figure A.25 is then related to the proximitor output at 0.4 in. from the center
of the drive plate (which is the location of the proximitor probes during

testing). The calibration factor of the proximitor system, Kp, is the slope of

the resulting curve fit through the data points in Figure A.26 and is defined as
the twist angle per unit proximitor output voltage, (vlg—%).
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Torque Calibration Factor, K1

The torque applied to the brass specimen at a given excitation voltage

in the above calibration process can be calculated using Equation A .44:

ft-1b

Torque (ft-1b) = Ky (

in which the torsional stiffness of the brass specimen, Ky, and the calculated

twist angle, \, at a given excitation voltage are measured.

The calculated torque versus excitation voltage is plotted in Figure
A.27 in which the slope of the fitted line through the data points is the torque

calibration factor, K, defined as the torque per unit excitation voltage,

(—f\tl;)ll?). In other words, the torque calibration factor is calculated by using the

shear modulus of the metal specimen obtained from the RC test.

A.5.2.2 Calibration of Equipment-Generated Damping

Ratio

As presented in Figure A.28 the equipment damping generated during
TS testing is observed to be a linear function of the excitation frequency and it
is also observed to be independent of the strain amplitude. The approach

explained in the section related with the equipment damping generated from
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RC tests (Section A.5.1.2) is also used in evaluating the correction to the

measurements in the TS tests.

In case of the RC tests, the equipment generated damping is observed
to be inversely proportional to the testing frequency (resonant frequency of
the specimen). In case of the TS tests, equipment generated damping is

observed to be proportional to the testing frequency.

The difference between the two cases is evidently the result of the
difference of the testing procedures. In case of the resonant column test, the
measurements are made at the resonant frequency.. The inertia of the drive
plate and the back EMF currents in the drive coils cause the equipment
damping. In case of the torsional shear test, the voltage level in the drive coils
is much higher (since there is not any specimen amplification during a TS test,
more torque is necessary to achieve the same strain amplitude of an RC test).
The higher voltages associated with the torsional shear test are believed to do
work on the magnet (making them weaker in the long run) and generate heat

during testing.
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A.6 SUMMARY

The RCTS equipment was described in this appendix. The theory of
testing was presented along with the measurement techniques involved in this
study. The calibration process was also briefly discussed. The recent
developments in explaining equipment generated damping were also
presented. However, further research would be beneficial to validate more

completely the theories associated with this subject.
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APPENDIX B

UTA-10-A
BOREHOLE ID : 98 - 20
SAMPLE NO. =27
DEPTH = 27.5 ft (8.4 m)
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Table B.1

Variation in Low-Amplitude Shear Modulus, Low-Amplitude Material Damping Ratio and Void Ratio
with Effective Isotropic Confining Pressure from RC Tests of Specimen UTA-10-A (Boring 98 - 20)
from the East Bay Bridge Site

: Low-Amplitude
Effective Isotropic Confining Pressure, ¢’ Low-Amphtudé Shear Modulus, Mategal Void Ratio, e
. Damping Ratio,
(psi) (psf) (kPa) (ksf) (MPa) Dmin, %
2 288 13.8 171 8.2 2.83 1.381
4 576 27.6 220 10.6 2.62 1.369
8 1152 55.2 309 14.8 2.53 1.341
16 2304 110.5 499 23.9 241 1.251
32 4608 220.9 964 46.2 2.32 1.055
8 1152 55.2 583 28.0 2.56 1.065
Table B.2 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from RC Tests of Specimen UTA-10-A (Boring 98 - 20) from the East Bay Bridge Site;
Effective Confining Pressure, 6, = 8 psi (1.15 ksf = 55.2 kPa)
Peak Shearing | Shear Modulus, ShI:grn;\)/lalo:iz‘?]?:s Average” Mfltenal .
Strain, % , ksf * | Shearing Strain, | Damping Ratio”,
G/G,.. % ,
1.59E-03 336 1.01 1.33E-03 3.03
3.06E-03 331 0.99 2.58E-03 2.88
6.01E-03 327 0.98 4.96E-03 3.28
1.14E-02 308 0.92 9.70E-03 2.76
1.94E-02 295 0.89 1.58E-02 3.57
3.36E-02 263 0.79 2.64E-02 4.21
6.00E-02 232 0.70 4.35E-02 5.83
1.07E-01 195 0.59 7.13E-02 7.56
1.97E-01 154 0.46 1.18E-01 10.06
3.23E-01 125 0.38 1.43E-01 17.46
* Average Shearing Strain from the First Three Cycles of the Free Vibration Decay Curve
* Average Damping Ratio from the First Three Cycles of the Free Vibration Decay Curve
Table B.3 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from TS Tests of Specimen UTA-10-A (Boring 98 - 20) from the East Bay Bridge Site;
Effective Confining Pressure, ¢,' = 8 psi (1.15 ksf = 55.2 kPa) ’
First Cycle Tenth Cycle
. Normalized i . Normalized i
Peask Shearing | Shear Modulus, | gpear Modulus, | D mhgﬁegnlglaﬁ o, eak Shearing | Shear Modulus, | .o Modulus, | D anr;giartlegnlglaﬁ o,
train, % y ~ Strain, % G, ksf
G/G,.. D, G/G... ,
5.34E-04 284 0.99 2.04 5.56E-04 285 0.99 2.11
9.04E-04 285 0.99 2.08 9.05E-04 286 1.00 2.08
1.10E-03 288 1.00 2.04 1.11E-03 288 1.00 2.07
3.34E-03 288 1.00 1.95 3.35E-03 287 1.00 1.95
6.85E-03 280 0.98 2.35 6.95E-03 275 0.96 2.29
1.19E-02 269 0.94 2.70 1.21E-02 265 0.92 2.65
3.15E-02 203 0.71 5.41 3.28E-02 197 0.69 5.04
8.35E-02 153 0.53 8.59 8.76E-02 145 0.51 8.33
2.03E-01 110 0.38 11.90 2.15E-01 104 0.36 11.37
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Table B.4 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from RC Tests of Specimen UTA-10-A (Boring 98 - 20) from the East Bay Bridge Site;
Effective Confining Pressure, ¢,' = 32 psi (4.61 ksf = 220.9 kPa)
Peak Shearing | Shear Modulus, | gNOMaiZed | pveraget |
Strain, % G, ksf > | Shearing Strain,| Damping Ratio”,|
G/G,... % D.%
3.38E-04 1066 0.98 3.00E-04 1.96
6.21E-04 1092 1.00 5.51E-04 2.00
1.23E-03 1084 1.00 1.10E-03 1.93
2.43E-03 1083 1.00 2.10E-03 2.50
4.81E-03 1074 0.99 4.12E-03 2.58
8.72E-03 1048 0.96 7.58E-03 2.33
1.55E-02 1002 0.92 1.30E-02 2.95
2.61E-02 937 0.86 2.12E-02 3.54
4.28E-02 834 0.77 3.29E-02 4.62
6.59E-02 721 0.66 4.80E-02 5.69
1.06E-01 582 0.54 7.22E-02 7.17
1.79E-01 458 0.42 1.12E-01 9.05
* Average Shearing Strain from the First Three Cycles of the Free Vibration Decay Curve
* Average Damping Ratio from the First Three Cycles of the Free Vibration Decay Curve
Table B.5 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from TS Tests of Specimen UTA-10-A (Boring 98 - 20) from the East Bay Bridge Site;
Effective Confining Pressure, 6, = 32 psi (4.61 ksf = 220.9 kPa)
First Cycle Tenth Cycle
Peak Shearing | Shear Modulus, | geormaized | - m"g]’g‘;‘mi .| Peak Shearing | Shear Modulus, | gpaorverzee | an’)‘g‘i‘;;“;‘aﬁ .
Strain, % y G/G,.. D, ’ Strain, % G, ksf GIG,.. D. % ’
4.10E-04 917 1.00 1.95 4.08E-04 927 1.02 1.95
7.92E-04 914 1.00 1.88 7.80E-04 908 1.00 1.78
9.97E-04 909 0.99 1.89 1.03E-03 911 1.00 1.85
1.98E-03 904 0.99 1.91 1.99E-03 898 0.98 1.84
4.03E-03 893 0.98 2.07 4.00E-03 890 0.98 1.90
8.28E-03 857 0.94 2.44 8.34E-03 852 0.93 2.33
1.0SE-02 845 0.92 2.48 1.06E-02 838 0.92 2.38
2.33E-02 764 0.83 4.13 2.39E-02 746 0.82 3.97
6.13E-02 579 0.63 7.21 6.28E-02 565 0.62 7.15
1.05E-01 438 0.48 10.02 1.08E-01 427 0.47 9.60
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Table B.6 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from RC Tests of Specimen UTA-10-A (Boring 98 - 20) from the East Bay Bridge Site;
Effective Confining Pressure, ¢,' = 8 psi (1.15 ksf = 55.2 kPa), Unloading
Peak Shearing | Shear Modulus, | g NorialiZed | pyerager | VAR
Strain, % G, ksf * | Shearing Strain, | Damping Ratio”,
G/G, % D.%
2.35E-03 631 1.00 1.98E-03 2.59
1.03E-03 622 0.99 9.05E-04 2.23
1.96E-03 635 1.01 1.74E-03 2.27
3.86E-03 628 1.00 3.51E-03 2.56
7.42E-03 609 0.96 6.29E-03 2.81
1.40E-02 574 0.91 1.19E-02 2.80
2.31E-02 540 0.86 1.89E-02 3.41
3.86E-02 464 0.73 2.96E-02 4.68
6.62E-02 380 0.60 5.18E-02 5.28
1.12E-01 305 0.48 8.03E-02 6.00
1.92E-01 248 0.39 1.33E-01 8.63
3.56E-01 178 0.28 2.03E-01 10.84
* Average Shearing Strain from the First Three Cycles of the Free Vibration Decay Curve
* Average Damping Ratio from the First Three Cycles of the Free Vibration Decay Curve
Table B.7 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from TS Tests of Specimen UTA-10-A (Boring 98 - 20) from the East Bay Bridge Site;
Effective Confining Pressure, 6,' = 8 psi (1.15 ksf = 55.2 kPa), Unloading
First Cycle Tenth Cycle
. Normalized Material . Normalized Material
Pegk triil:\ea;:ng ShearG M:S%ulus, Shear Modulus, | Damping Ratio, Pe;k Ugil:‘ea;;ng Shear Modulus, | gpear Modulus, | Damping Ratio,
’ ! G/G,,, D, % ’ ’ G/IG,,, s
6.57E-04 534 1.00 2.06 6.64E-04 537 1.00 2.06
1.04E-03 526 0.99 1.90 1.01E-03 529 0.99 1.90
2.01E-03 536 1.00 1.86 2.02E-03 536 1.00 1.86
4.06E-03 534 1.00 1.90 4.11E-03 533 1.00 1.90
8.42E-03 511 0.96 2.14 8.44E-03 509 0.95 1.97
1.09E-02 495 0.93 2.22 1.09E-02 493 0.92 2.16
2.41E-02 448 0.84 3.47 2.48E-02 433 0.81 3.42
5.00E-02 358 0.67 5.54 5.15E-02 350 0.65 5.32
1.01E-01 284 0.53 8.25 1.09E-01 262 0.49 8.20
1.49E-01 239 0.45 9.79 1.62E-01 219 041 9.67
2.35E-01 197 0.37 11.50 2.57E-01 181 0.34 11.13

B.18




APPENDIX C

UTA-10-B
BOREHOLEID : 98 - 19
SAMPLE NO. = 34
DEPTH = 36.5 ft (11.1 m)

C.1



1000_ I LI ITIIII I LI llll[l LI L Ill]ll 1 LI Ill_ 300

[ Borehole ID : 98 - 19 Isotropic Confining Pressure T

- Sample No. =34 O 2 psi(=288 psf=13.8 kPa) .

[ Specimen = UTA-10-B ® 4psi(=576 psf=27.6kPa)

- Depth =36.5 ft (11.1 m) O 8 psi(=1.15 ksf=55.2 kPa) -

s00 [ Drive Plate #5 m 16 psi(=2.30 ksf=110.5 kPa) —| 250

—v=<0.003 % A 32 psi(=4.61 ksf=220.9 kPa) -
g L ] g
~ - Y
> 600 [ 8
s f .
g f A A &
> R A - =y

N A A <
Q - A A DA - "
= 400 | - 1 4 <
E N m BN L O o 4 VE
= - g d o oost® . @
S 8 08,8 8 8 ccumm® ] &

200 |-
_ — 50
0_ 1 L1 Illlll 1 L Jllllll L1 lllJJlI 1 IALLlll.l- 0
10° 10 10 10° 10*

Duration of Confinement, t, minutes
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Figure C.12 Variation in Normalized Material Damping Ratio with Shearing Strain and
Isotropic Effective Confining Pressure from Resonant Column Tests of
Specimen UTA-10-B from the East Bay Bridge Site.
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Figure C.13 Comparison of the Variation in Shear Modulus with Loading Frequency,
Shearing Strain and Isotropic Effective Confining Pressure from RCTS Tests of
Specimen UTA-10-B from the East Bay Bridge Site.
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Figure C.14 Comparison of the Variation in Material Damping Ratio with Loading
Frequency, Shearing Strain and Isotropic Effective Confining Pressure from
RCTS Tests of Specimen UTA-10-B from the East Bay Bridge Site.
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Table C.1

Variation in Low-Amplitude Shear Modulus, Low-Amplitude Material Damping Ratio and Void Ratio
with Effective Isotropic Confining Pressure from RC Tests of Specimen UTA-10-B (Boring 98 - 19)
from the East Bay Bridge Site

Low-Amplitude Shear Modulus,

Low-Amplitude

Effective Isotropic Confining Pressure, G’ G Material Void Ratio, e
s Damping Ratio,
(psi) (psf) (kPa) (ksf) (MPa) Dmin, %
2 288 13.8 237 11.4 2.53 1.608
4 576 27.6 281 13.5 2.25 1.601
8 1152 55.2 366 17.5 2.11 1.585
16 2304 110.5 530 254 2.02 1.558
32 4608 220.9 813 39.0 1.91 1.458
Table C.2 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from RC Tests of Specimen UTA-10-B (Boring 98 - 19) from the East Bay Bridge Site;
Effective Confining Pressure, ¢,’ = 8 psi (1.15 ksf = 55.2 kPa)
Peak Shearing | Shear Modulus, ShI::rnrr:dalo:jZSl?Js Average® M.atenal .x
Strain, % G, ksf * | Shearing Strain, | Damping Ratio’,
’ G/G,.. % D, %
7.89E-04 392 1.02 6.84E-04 2.39
1.59E-03 380 0.99 1.38E-03 2.38
3.15E-03 385 1.00 2.76E-03 2.20
6.19E-03 380 0.99 5.43E-03 2.19
1.16E-02 371 0.96 1.01E-02 2.30
2.00E-02 358 0.93 1.70E-02 2.70
3.35E-02 323 0.84 2.69E-02 3.76
6.12E-02 268 0.70 4.58E-02 5.14
9.96E-02 238 0.62 6.87E-02 6.85
1.42E-01 227 0.59 - 8.94E-02 8.94
3.23E-01 139 0.36 1.64E-01 14.61
* Average Shearing Strain from the First Three Cycles of the Free Vibration Decay Curve
* Average Damping Ratio from the First Three Cycles of the Free Vibration Decay Curve
Table C.3 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from TS Tests of Specimen UTA-10-B (Boring 98 - 19) from the East Bay Bridge Site;
Effective Confining Pressure, ¢, = 8 psi (1.15 ksf = 55.2 kPa)
First Cycle Tenth Cycle
Peak Shearing | Shear Modulus, | gneorectest || Material | peak Shearing | Shear Modulus,| speoriziant | Material
Strain, % , ksf ’ ’ Strain, % , ksf ’ >
G/G, 8 G/G... D, %
4.60E-04 320 0.99 1.71 4.37E-04 320 0.99 1.67
8.68E-04 323 1.00 1.72 8.44E-04 325 1.01 1.70
1.03E-03 323 1.00 1.77 9.95E-04 322 1.00 1.81
1.03E-03 324 1.00 1.74 1.02E-03 329 1.02 1.80
1.71E-03 321 0.99 1.76 1.73E-03 321 1.00 1.70
3.46E-03 324 1.00 1.74 3.43E-03 325 1.01 1.76
6.94E-03 315 0.98 2.33 6.97E-03 314 0.98 2.15
1.06E-02 312 0.97 2.36 1.07E-02 311 0.97 2.39
1.86E-02 297 0.92 3.28 1.94E-02 284 0.88 3.10
4.72E-02 232 0.72 5.68 4.84E-02 226 0.70 4.63
1.37E-01 160 0.50 9.51 1.45E-01 151 0.47 9.39
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Table C.4 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from RC Tests of Specimen UTA-10-B (Boring 98 - 19) from the East Bay Bridge Site;
Effective Confining Pressure, o, = 32 psi (4.61 ksf = 220.9 kPa)
Peak Shearing | Shear Modulus, | gNOMAIZEd | pyerger | VECHE
Strain, % G, ksf * | Shearing Strain, | Damping Ratio",
G/G,.. % D.%
8.92E-04 922 1.00 8.13E-04 1.53
1.72E-03 921 1.00 1.58E-03 1.37
3.40E-03 922 1.00 3.07E-03 1.70
6.68E-03 922 1.00 5.92E-03 2.00
1.21E-02 903 0.98 1.08E-02 1.92
2.07E-02 863 0.94 1.81E-02 2.27
3.56E-02 806 0.87 2.99E-02 2.98
5.88E-02 719 0.78 4.59E-02 4.31
9.99E-02 591 0.64 7.11E-02 6.16
1.84E-01 437 0.47 1.15E-01 9.04
3.04E-01 385 0.42 1.80E-01 10.11
* Average Shearing Strain from the First Three Cycles of the Free Vibration Decay Curve
* Average Damping Ratio from the First Three Cycles of the Free Vibration Decay Curve
Table C.5 Variation in Shear Modulus, Normalized Shear Modulus and Material Damping Ratio with Shearing
Strain from TS Tests of Specimen UTA-10-B (Boring 98 - 19) from the East Bay Bridge Site;
Effective Confining Pressure, 6, = 32 psi (4.61 ksf =220.9 kPa)
First Cycle Tenth Cycle
. Normalized i . Normalized i
Peak Shearing | Shear Modulus,| ey Modutus,| D e Batio, Peak Shearing | Shear Modulus,| shear Modulus,| D aens Ratio,
? i G/G_,, D, % ? ? G/G,,, s
3.90E-04 751 1.01 1.51 4.14E-04 750 1.00 1.41
7.85E-04 741 0.99 1.56 7.79E-04 751 1.00 1.55
1.02E-03 741 0.99 1.59 1.00E-03 755 1.00 1.51
1.94E-03 749 1.01 1.55 1.92E-03 760 1.01 1.53
3.86E-03 785 1.05 1.46 3.91E-03 749 1.00 147
7.90E-03 738 0.99 1.75 7.90E-03 735 0.98 1.84
1.00E-02 730 0.98 1.96 1.00E-02 724 0.96 1.98
2.14E-02 677 0.91 3.04 2.17E-02 664 0.88 2.95
3.96E-02 583 0.78 4.87 4.03E-02 516 0.69 4.60
5.27E-02 550 0.74 5.72 5.51E-02 526 0.70 5.63
7.72E-02 496 0.67 7.57 8.18E-02 459 0.61 732
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APPENDIX D

UTA-10-C
BOREHOLE ID : 98 - 8
SAMPLE NO. =71
DEPTH = 79.0 ft (24.1 m)
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Figure D.1 = Variation in Low-Amplitude Shear Wave Velocity with Magnitude and Duration

of Isotropic Confining Pressure from Resonant Column Tests of Specimen
UTA-10-C from the East Bay Bridge Site.
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Figure D.2  Variation in Low-Amplitude Shear Modulus with Magnitude and Duration of

Isotropic Confining Pressure from Resonant Column Tests of Specimen 